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3A hard time we had of it.
At the end we preferred to travel all night,
Sleeping in snatches
With the voices singing in our ears, saying
That this was all folly.
... But there was no information, and so we continued
And arrived at evening, not a moment too soon
Finding the place; it was (you may say) satisfactory.




2.1 Short Account on History of Mercury Science . . . . . . . . . . . . . . . . . . . . 10
2.2 Hermean Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Hermean Magnetosphere and Interaction with Solar Wind . . . . . . . . . . . . . 15
2.4 Origin and Evolution of Mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3 BepiColombo 20
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Solar Intensity X-ray and Particle Spectrometer (SIXS) . . . . . . . . . . . . . . 27
4 Origin of Solar Energetic Particles 33
4.1 The Solar Wind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2 Solar Flare Acceleration - Impulsive Events . . . . . . . . . . . . . . . . . . . . . 35
4.3 CME Driven Shock Waves - Gradual Events . . . . . . . . . . . . . . . . . . . . . 38
5 Numerical Model 40
5.1 Introduction to Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6 Results 43
6.1 Identication of Simulated Hermean Magnetospheric Particles . . . . . . . . . . . 45
6.2 Simulation of Particle Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.3 Particle Flux at Mercury Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.4 Mapping of Propagation Direction of Velocity . . . . . . . . . . . . . . . . . . . . 58
7 Summary and Discussion 62
8 Conclusions and Outlook 65
4






The European Space Agency (ESA) together with the Japan Aerospace Exploration Agency
(JAXA) is set on a very challenging mission named BepiColombo to planet Mercury. It is
scheduled to orbit the planet in 2020 [1, 2].
Mercury presents a formidable environment for any kind of science performed on it, may it be
observation from Earth or travelling to the planet itself, and thus, kept the modern scientist
bewildered. Mercury, the messenger of the gods in ancient mythology, however, continues to
inspire and amaze mankind since the antique times. Launch of Mariner-10, the rst mission to
Mercury, nearly 40 years ago marked a remarkable achievement in the direction of understanding
our solar system.
Reaching the planet is exceedingly trammelled by its close proximity to the Sun, and thus,
preventing us from gaining better and more reliable information about the planet and the en-
vironment that it is embedded in. The rst of these diculties is to observe it from Earth as
Mercury is but a tiny dot in the sky that quickly vanishes in the basking sunlight.
Mercury's location deep inside the gravitational potential well of the Sun, makes it harder to
explore even by a spacecraft. Mercury, with a Lagrangian point L1≈ 0.22×106 km, poses greater
restrictions and challenges for an object that tries to enter in to a stable orbit around the planet
[3]. When compared to Terrestrial gravitational potential well, that of Mercury is 7 times smaller
in size and much shallower in depth. In this respect a Mercury-bound spacecraft launched from
Earth must travel over 91 × 106 km into the Sun's gravitational potential well. When moving
downhill the Sun's potential well, the liberated potential energy becomes kinetic energy, and
thus, the velocity of the spacecraft is rapidly increased. A large amount of energy (compared to
other space missions) is needed to counter the spacecraft's signicant angular momentum that
resists sun-ward motion and to change spacecraft's velocity in order to guide it as desired [4, 5].
An additional diculty is the extreme thermal environment that awaits any spacecraft in Mercury
orbit; this environment consists of increased solar irradiance (up to a factor of 10) as well as
the thermal radiation from the sunlit side of the planet [4]. Mercury's history, environment,
magnetosphere, interaction with the solar wind and what is known of surface and lithosphere are
briefed in Chapter 2.
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Amidst these challenges, Mercury science survived through extensive radar, visual, and infrared
observations [6, 7]. During the early years of space-age Mariner-10 conquered these challenges
to yby Mercury and turned a whole new chapter of Mercury science. Comprehensive and in-
depth examination of Mariner-10 data coupled with advanced theoretical modelling have put the
scientist on course to understand the evolution, current state and peculiarities associated with
this enigmatic planet [8].
Driven by the usual insatiable curiosity of the scientist there are now a couple of space missions
(MESSENGER and BepiColombo) seeking new insights, which can be described as the next giant
leap of Mercury science. MESSENGER (MErcury Surface, Space ENvironment, GEochemistry
and Ranging) probe is a spacecraft of the United States space agency NASA, launched on August
3, 2004 to study the characteristics and environment of Mercury from orbit. Specically, the
mission is to characterise the chemical composition of Mercury's surface, the geological history,
the nature of the magnetic eld, the size and state of the core, the volatile material abundance
at the poles, and the nature of Mercury's exosphere and magnetosphere over a nominal orbital
mission of one Earth year. MESSENGER has already made three ybys of Mercury and the
orbit insertion is scheduled to take place on March 18, 2011 [9]. Some of the recent discoveries
of MESSENGER have been briefed in Chapter 2.
Undoubtedly, when BepiColombo approaches Mercury, MESSENGER will have resolved many
of the intriguing questions. Expecting answers from MESSENGER to some of the key questions,
BepiColombo is being planned with an unprecedented level of surface coverage, spatial resolution,
integration time and 20 times better telemetry capability [10]; all focused to provide compre-
hensive data on highly targeted investigations and operations. BepiColombo will provide a vast
amount of information about the origin and evolution of the planet itself and magnetospheric
and exospheric dynamics as well as their interactions with solar radiation and interplanetary
dust. Dual spacecraft conguration is a great advantage for BepiColombo to achieve the mission
goals.
The scope of discussion of this work is based on the particle detector of the Solar Intensity X-
ray and Particle Spectrometer (SIXS) instrument on-board Mercury Planetary Orbiter (MPO)
satellite of the two satellites that make up BepiColombo (the second satellite is Mercury Mag-
netospheric Orbiter (MMO)). Key scientic objectives of the BepiColombo mission with greater
emphasis on SIXS are discussed in Chapter 3.
The environment that BepiColombo is commissioned for has a rich abundance of particles of
solar origin. SIXS is expected measure and investigate direct solar X-rays and energetic particles
that it encounters along the orbit around the planet [11]. Solar energetic particles (SEPs) are
now understood to originate from solar ares and Coronal Mass Ejections (CMEs). Mechanism
of generation of SEPs, solar ares and CMEs are briey reviewed in Chapter 4.
Particle simulations play a signicant role in space physics in interpreting highly non-linear
kinetic eects like wave instabilities and associated plasma scattering, diusion, heating and
particle acceleration [12]. Complicated and sometimes overlapping phenomena, which nature
generally exhibits, can be decomposed into simpler elements of physics in simulations to obtain
a clearer physical picture. One of the advantages of computer simulation is that one can make
as detailed diagnostics of plasma and eld quantities as much as one desires. A magnetic eld
9model developed by Vainio and Sandroos of the University of Helsinki [13] is the backbone of the
results of the numerical simulation presented here. The topic of numerical simulation model is
developed in Chapter 5 focusing on the relevant mechanisms used to handle injection of particles
to the model and the equations and calculations involved.
Computer simulations on particles to be detected by SIXS particle detectors are vital with
regard to diagnosing and ne tuning the instrument performance and to visualise theoretical
predictions. The actual data that the mission will provide in future, which are inaccessible to
ground observations or to theories, may often provide a hint and inspiration not only for further
theoretical development but also for design of new satellite observations.
The core of this thesis, Chapter 6, presents the results obtained through simulation of energetic
protons in the above mentioned numerical model. The propagation of energetic protons inside
the Hermean magnetosphere has been explored in 3 dimensions as the virtual spacecraft orbit
the planet. Emphasis is placed on developing latitude-longitude maps of particle distribution
and of direction of velocity. The basic assumptions of the approach and the algorithms used are
thoroughly presented.
Brief discussion of the results summarising the important observations is presented in Chapter
7 followed by concluding remarks in Chapter 8.
Several appendices, which are referred through out the work, have been prepared to aid the
reader and to document the methods followed in the project.
Chapter 2
Mercury
Scientic research on Mercury is greatly propelled by the hope it has generated to nd answers
to fundamental questions, the origin of our Solar system and the formation of planets. The
formation of Mercury holds key to our understanding of the terrestrial planets (and the Moon),
their origin, formation and evolution [8].
2.1 Short Account on History of Mercury Science
Literature suggests that Mercury has been known since at least the time of the Sumerians (3rd
millennium BC) though it is hard to observe through naked eye [5]. It is fascinating that right
from the birthplace of writing (Sumer is believed to be the birthplace of writing, agriculture,
the arch and irrigation [14]), we have recorded observation of Mercury. In one sense, therefore,
Mercury science has a history of about ve thousand years.
Mercury's brightness ranges from about -2.0 to 5.5 in apparent magnitude for an observer on
Earth but what makes it harder to observe is its low angular separation from the Sun (greatest
elongation is only 28.3◦). Its unique apparitions, therefore, make it a very faint 'twilight' (or
'day-break') star [15]. This phenomenon may have led the Greek astronomers before the 5th
century BC to believe the planet to be of two separate objects: one visible only at sunrise, the
other only at sunset [5].
Early civilisations had had the habit of associating planets or bright objects in the night sky with
some god of some power. History provides evidence that planet Mercury acquired a prominent
place in this habit. Thus, Babylonians named it after Nabu, the god of wisdom and writing, and
the Greek named it after Hermes, the messenger of the gods, and the Romans equated it with
Mercurius, the god of commerce, travel and thievery. In Indian astrology Mercury is known as
Grahapathi , the Lord of the planets, and is referred to Budha, the god of all wisdom [16].
Galileo Galilei was the rst to observe Mercury through a telescope in the early 17th century.
Transit of a planet across the Sun was rst observed in 1631 by Pierre Gassendi when he recorded
the transit of Mercury. In 1639 Giovanni Zupi's discovery that the planet had orbital phases
similar to Venus and the Moon conclusively demonstrated that Mercury orbited around the Sun
[15].
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Radar observations of the planet began in June 1962 and extended analysis pioneered by Giuseppe
Colombo, an astronomer from the University of Padua (whom the BepiColombo mission is named
after - see Chapter 3), led to the realisation of the peculiar 3:2 spinorbit resonance of Mercury
[5]. This meant that Mercury is rotating three times on its own axis in exactly the time it
takes to make two revolutions around the Sun. An illustration of Sun's apparent motion in a
Mercury xed coordinate system is provided in Fig. 2.1.1, where the two revolutions of the orbital
resonance are separated with yellow and red dots. Mercury's high eccentricity
1
is responsible for
the loops that appear in Fig. 2.1.1 near the perihelion, which indicates that for a brief period of
time Sun appears to move backward.
Figure 2.1.1: The apparent motion of the Sun in a Mercury-xed coordinate system. Due to
the spin-orbit resonance, the path is closed after two revolutions (each revolution is separated by
yellow and red dots). Small circles on the path correspond to equal intervals of time. Note that
during a brief time interval at perihelion (small loops) the orbital angular velocity becomes larger
than the spin angular velocity, causing the Sun to move on a retrograde orbit [18].
As the science progressed, scientists learnt that Mercury is only 2440 km in radius (RM ), which is
smaller than several of the natural satellites in our solar system (for, e.g., Ganymede of Jupiter
and Titan of Saturn), that it has an orbital period of 87.969 Terrestrial days with an orbital
mean distance of 0.3871 AU and that the spin axis of Mercury is almost perpendicular to the
orbital plane amongst many other interesting facts about the planet [17].
Fundamental properties such as air density, existence of a magnetosphere and topography became
known (though not complete and accurate) after Mariner-10 the rst space probe launched in
1974 to yby Mercury [19]. Orbital period of Mariner-10 around the Sun was almost exactly
twice that of Mercury, which means that the same side of Mercury was sunlit at each yby and
as a result the probe was only able to map 40-45% of Mercury's surface [20]. Mariner 10 also
1
Refer Appendix IV for numerical values.
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discovered that Mercury has a tenuous atmosphere (exosphere) consisting primarily of helium,
as well as a magnetic eld and a large iron-rich core. Its radiometer readings suggested that
Mercury has a night time temperature of 90 K and maximum daytime temperature of 460 K
though later studies revealed that at the sub-solar point temperature can reach up to 700 K
during perihelion and 550 K at aphelion [21].
MESSENGER, the most recent space mission to Mercury, is only the second of its kind and
ew past Mercury for the rst time on January 14, 2008, followed by two other ybys. Most of
the hemisphere not imaged by Mariner-10 has been mapped during these ybys. MESSENGER
detected presence of large amount of water in Hermean exosphere at its rst yby. MESSENGER
also provided visual evidence of volcanic activity on the surface of Mercury as well as evidence
for a liquid planetary core [9, 22].
2.2 Hermean Environment
Mercury is probably as old as our solar system (∼4.5 billion years) and various processes must
have shaped the planet to its current state of depleted and heavily crated surface. During these
early times, Mercury's position close to the Sun meant that it experienced more collisions with
small rocky bodies than any other terrestrial planet [23, 24, 25]. Plains between craters that
formed at about this time suggest that the planet may have also experienced extensive volcanic
activity before the end of the period of heavy bombardment, 4 billion years ago [26].
It is now an established fact that Mercury has no stable atmosphere but a surface-bound ex-
osphere. According to Mariner-10 data the total pressure at the surface resulting from this
tenuous atmosphere is ∼ 10−12 mbar. The list of known and predicted constituents in Mercury's




Ne, Mg, Ca, Fe, Si, S, and
Al) and molecules (H2, O2, N2, CO2, H2O, and OH) according to a compilation by Killen and Ip
[27]. This list of constituents maybe but a small portion of what is actually present. Hydrogen
and Helium are more likely to originate from the solar wind and other higher order atmospheric
constituents must be largely due to particle sputtering [28, 29, 30]. In a more general sense, the
atoms that make up the exosphere are forced out of Mercury's crust by impacting high-energy
photons and ions from the Sun and by incoming micrometeorites[31, 32].
Mercury's spin axis, depicted by a blue line through the planet in Fig. 2.2.1, is almost aligned
with respect to the normal of its orbital plane, being tilted only ∼ 0.1◦. Every other planet in the
solar system has a rotation axis that is tilted, aecting, and in most cases dominating, seasonal
changes. As mentioned in the previous section, Mercury displays the largest range in diurnal
temperature variation in the solar system, but the oors of its polar craters have been found
to host deposits of surface or near-surface water ice [33]. Suciently deep craters at the poles
are permanently shadowed due to the planet's small obliquity and can safely be at temperatures
at which water ice is stable for billions of years [22]. It is suggested that these craters remain
suciently cold to trap, apart from water, highly volatile species such as sodium and potassium
as well, which are abundant in the exosphere of Mercury [34, 28]. Recent high resolution radar
observations of Mercury have identied presence of either water ice or volatiles in craters of

























Figure 2.2.1: Illustration of Mercury. Surface is constructed from an actual image and magnetosphere, core and mantle are only to aid
the eye. Mercury's outer core is now known to be uid, but its radius and the nature and radius of any solid inner core remain to be
determined [20].
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Figure 2.2.2: Mercury's uncompressed density compared to other inner solar system bodies, plotted
against their radii [1].
The density of Mercury does not conform with that of the other terrestrial planets, nor with that
of the Moon. Mercury's density is the second highest in the Solar System at 5.427 g/cm
3
, only
slightly less than Earth's density of 5.515 g/cm
3
[8]. If the eect of gravitational compression
were to be factored out, the materials of which Mercury is made would be denser, with an
uncompressed density of 5.3 g/cm
3
, whereas the uncompressed density of Earth is only 4.4 g/cm
3
[16]. Fig. 2.2.2 provides an illustration of where Mercury stands compared to the densities of
other inner solar system bodies.
The following theories may account for this density anomaly [2]:
 The concentration of iron, a heavy element, may have been higher in the region of the
primordial nebula from which Mercury formed,
 High solar-radiation levels may have reduced lighter oxides in Mercury to their heavier,
metallic form,
 The heat of the Sun may have vaporised a large amount of Mercury's outer crust,
 One or more gigantic impacts may have removed a substantial part of Mercury's rocky
mantle, leaving a relatively large metallic core.
Above hypotheses share a large iron-rich core, occupying about 42% of the planet's volume and
75% of radius [34].
Mercury's depleted surface, as shown in Fig. 2.2.1, suggests that internal geological activity
ceased earlier than on any other terrestrial planet [33]. Smoother, undulating intercrater plains
are also a typical type of terrain of Mercury, yet their origin is uncertain. Surface features of
Mercury are often described as Moon-like although evolution of core, crust, mantle and regolith
structure of each are most likely to be very dierent. Morphology of craters of both Moon and
Mercury have been found to bear strong similarities [18].
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The conrmation of a global magnetic eld of internal origin is by far the greatest discovery
by Mariner-10. Studies [35] have shown that Mercury's libration in longitude requires that the
planet's core to be at least partly molten (requiring a light alloying element to lower the melting
temperature) and this strengthens the hypothesis that the planet's magnetic eld is generated
by a core dynamo [34].
Hermean environment, however dull and desolate as it may appear, remains highly active and will
provide a range of opportunities for elucidating further the nature of the exosphere; topographic,
physical, chemical and mineralogical properties of the surface; the processes of space weathering
and release and/or migration of volatiles and the tectonic and impact processes that have shaped
the planet [34, 36].
2.3 HermeanMagnetosphere and Interaction with Solar Wind
Out of the terrestrial planets, only Earth and Mercury possess global magnetic elds [39]. Mer-
cury's intrinsic magnetic eld, which was rst discovered by Mariner 10 and later conrmed by
MESSENGER, has a dipole component nearly orthogonal to Mercury's orbital plane [10] and
the strength of the corresponding planetary magnetic dipole is approximately 250 nT R
3
M [40].
The interaction of Mercury's magnetic eld with the solar wind creates a magnetosphere with a
stando distance of about 4 × 103 km from the centre of the planet, which is ∼ 0.5 RM above
the surface [41, 37].
Two key factors determine the shape and dimensions of a planetary magnetosphere; the mean
dynamic pressure of the solar wind and the magnitude of the planet's intrinsic magnetic eld.
The mean dynamic pressure of the solar wind at Mercury is 5 to 10 times greater than the
values observed at Earth at 1 AU [38]. Similarly, the relative low density of the solar wind at
5.2 AU makes Jupiter's magnetosphere the largest magnetosphere of the planets in our Solar
System. Jovian magnetosphere, by volume comparison to Terrestrial magnetosphere is about
million times bigger (solar wind stando distance 4× 106 km or 100 Jovian radii) [42]. Size-wise,
Hermean magnetosphere may appear insignicant, yet clearly the energy transfer from the solar
wind at Mercury is the greatest with respect to other planets in our Solar System.
Fig. 2.3.1, which has been created based on data from MESSENGER's rst yby, provides a
graphical illustration of our latest understanding of the Hermean magnetosphere [37]. Observa-
tions of the Hermean bow shock and the magnetopause are consistent with a magnetosphere size,
a factor of 7.5 smaller than the Terrestrial magnetosphere, when normalised by the planetary
radius [43]. Further, the overall size of the Hermean magnetosphere is not very large compared
to the Larmor radius of a solar wind proton (see section 6.2). However, as shown in Fig. 2.3.1, it
is large enough to contain its own dynamics [37]. Scaled spatial dimensions of the magnetosphere
including the bow shock are shown in subset (a) of Fig. 2.3.1.
Mercury's surface, exosphere and magnetosphere interaction with the solar wind and interplan-
etary medium is schematised in Fig. 2.3.2 [23].
Due to the low Alfvénic Mach number found at Mercury, it is suggested that reconnection at the



















Figure 2.3.1: Schematic of Mercury's magnetosphere highlighting the features and phenomena observed by MESSENGER spacecraft,
including the planetary ion boundary layer, large ux transfer events, ank KelvinHelmholtz (K-H) vortices, and ultra low frequency
plasma waves [37]. Scaled spatial dimensions of the magnetosphere including the bow shock are shown in subset (a) [38].
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Figure 2.3.2: Schematic diagram of the interaction processes at Mercury [23].
of seconds as opposed to minute scale variations measured at Earth's magnetosphere) [38, 44] and
reaction rate of Mercury's magnetosphere to the changes in the solar wind and interplanetary
conditions are almost immediate without the delay usually observed at Earth [45].
Reconnection is the process where magnetic eld of the solar wind connects to the magnetic eld
of the magnetosphere as a result of charged particles being demagnetised so that they no longer
are attached to the magnetic eld and drift across it [46]. Yet, the mechanism of occurring of
reconnection in the Hermean magnetosphere that is small in absolute size with no ionosphere, is
still ambiguous [44]. The small absolute size may give way to non-magnetohydrodynamic kinetic
eects to dominate the structure and dynamics of the magnetosphere [38].
Mercury may have either a northward (Bz > 0) or a southward (Bz < 0) component of mag-
netosheath magnetic eld depending on the polarity of the interplanetary magnetic eld (IMF).
Reconnection at the dayside magnetosphere is driven by negative Bz as northward component
obstructs the solar wind energy transfer across the magnetopause [38, 37]. The direction of z is
indicated in Fig. 2.3.1. The ion thermalization and acceleration shown in Fig. 2.3.1 is due to the
plasma sheet heating (energetic particle acceleration) caused by negative Bz, an event observed
by both Mariner 10 and MESSENGER [37]. Mariner-10 has recorded observations that appear
to resemble substorm-like events [18], which, as in the Earth's case, is the primary cause for
auroral activity.
Similar to the Terrestrial case, a bow shock has been observed at Mercury. The structure,
however, of the Hermean bow shock at low Mach numbers is unclear. Low Alfvénic and sonic
Mach numbers seen at Mercury are due to the very dierent radial scaling of solar wind density,
ion and electron temperature, and magnetic eld intensity towards to the Sun [38, 8]. Further,
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Helios
2
data showed that on occasion, the Alfvénic Mach number becomes comparable to 1
(the mean Alfvénic Mach number at Mercury perihelion is 3.9), implying that there is higher
probability than at Earth of observing low Alfvénic Mach number shocks, or even a slow mode
or an intermediate bow shock at Mercury [38].
The variability of the mean solar wind parameters at Mercury is very large as a result of the
highly eccentric orbit of the planet. Rapid variations of the magnetosphere of Mercury observed
by Mariner-10 [18] are uncommon in magnetospheres of giant planets with larger spatial scales
and signicant ionospheres, which slow down magnetospheric convection [47, 48]. As in the
terrestrial magnetosphere, it is thought that the Hermean magnetotail is an important site for
energising the plasma of the magnetosphere [49].
Conrming the predictions made of the nite gyro-radius eects in Mercury's small magneto-
sphere that would cause large ux transfer events, MESSENGER observed a more pronounced
ux transfer event ∼ 10 times larger than a similar event at Earth (when normalised to planetary
scale) [37]. Flux transfer events are produced by localised magnetic reconnection between the
IMF and the planetary magnetic eld at the magnetopause [44]. In other words it is a magnetic
gate of acceptance, i.e., the location of the entrance window for ionised particles from solar wind
to travel directly in to the magnetosphere opened for a brief moment of time as sketched in Fig.
2.3.1.
Another exciting new discovery of MESSENGER was the two clear outbound current sheets
observed in the magnetosphere with a separation of ∼1000 km suggesting a double magnetopause,
a phenomenon that had not been seen at any other planet [37, 50]. It is assumed that this inner
current sheet is created by pickup ions entering the magnetosphere from the magnetosheath
[45, 37] and thus the idea of a planetary ion boundary layer depicted in Fig. 2.3.1. These new
observations indicate that although Mercury's magnetic eld appears to dominate the interaction
with the solar wind [51, 52, 43], the abundance of heavy planetary ions denitely can inuence
the structure of the magnetosphere from kinetic to magnetohydrodynamic scale lengths.
2.4 Origin and Evolution of Mercury
Origin and evolution of Mercury, the composition of Mercury's mantle, the composition of Mer-
cury's crust and how did it evolve, the tectonic history of Mercury's lithosphere, are still big
questions remaining unanswered. As to the origin and evolution of the planet there are several
competing models and theories. In all scenarios, however, the high mean density of Mercury
is the result of severe fractionation occurring between silicates and iron [8]. Fractionation is a
slow process where gravity causes heavier elements to sink to the core of a planet while it is still
molten.
One set of models explains the anomalous composition of the planet as a result of fractionation
that occurred during the formation of the planet whilst the second set of models suggest that
the planet forms rst with roughly chondritic abundances followed by fractionation [34, 26, 53].
2
Two space probes launched into heliocentric orbit for the purpose of studying solar processes. Helios-A was
launched in 1974 and Helios-B in 1976. Both spacecraft had eccentric orbits with perihelion distances of about
0.3 AU.
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The gravity eld of Mercury, too, is poorly known. Mariner-10 data have assisted to determine
only the two quadrupole coecients J2 (the dynamical polar attening) and C22 (the dynamical
equatorial attening) of the gravity parameters but with a huge error bar [8]. The Mercury
Orbiter Radio-science Experiment (MORE) instrument aboard MPO is expected to improve this
situation by measuring the gravity eld with a relative accuracy of about 0.01% [10].
MESSENGER's second yby has reinforced the view that volcanism was an important process
in Mercury's geologic history [54]. Smooth plains cover approximately 40% of Mercury's surface,
and evidence (MESSENGER data) for the volcanic origin of large areas of plains suggest that a
substantial portion of the crust originated volcanically and the formation of the crust is a result





In Honour of Giuseppe Colombo
Giuseppe Colombo was born on October 2, 1920 in Padua, Italy (nickname Bepi). Profes-
sor Colombo became famous for his discovery of the spin-orbital coupling of Mercury and the
planning of multiple y-by of Mercury for Mariner-10 space probe. Interpretation of the az-
imuthal brightness variation of ring A of Saturn as a spiral structure was another achievement
of Giuseppe Colombo, which earned him much deserved fame (The Colombo Gap in Saturn's
ring C was named after him). Among his other contributions, conceptual design of the Solar
Probe mission, the Sky-hook concept applications, a new type of orbiting gravity gradiometer
are highly acclaimed [55].
Most rightfully, Mercury mission of ESA's Cosmic Vision
1
programme is named after a man who
pioneered space science. The references [8, 2, 10] are the loci classici of this section.
The BepiColombo Mission
BepiColombo is a twin spacecraft mission to Mercury ventured by ESA and JAXA. We will, in
this section, briey introduce the mission prole of BepiColombo and its payload.
BepiColombo is designed to resolve many ambiguities concerning the origin, evolution, surround-
ing environment and even present state of Mercury. BepiColombo will seek the answers to these
and other fundamental issues like: How do Earth-like planets form and evolve in the Universe?,
Accuracy of General Relativity; with two separate sets of scientic instruments, MMO and
MPO. MMO will be developed by JAXA and will perform observations of magnetic eld, mag-
netosphere and exosphere. MPO will be developed by ESA and will observe Mercury's surface,
chemical compositions, gravity and as well as magnetic eld [1, 10].
1
Dubbed the `Cosmic Vision 2020', this plan identies today's major scientic questions to be addressed by
ESA's future space science missions.
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Figure 3.1.1: Illustration of the orbits of MPO and MMO. The planetary orbiter enters a polar
orbit of 400 Ö 1508 km, which is about a 2.3 hr period. MMO is a co-planar orbit to MPO with
a highly eccentric orbital path of 400 Ö 11824 km, which is about a 9.2 hr period [4].
Orbits of the two BepiColombo satellites have been plotted in Fig. 3.1.1 to an approximate scale.
The planetary orbiter has a polar orbit close to the surface with periherm 400 km and apoherm
1508 km, which yields about a 2.3 hour period. MMO has a co-planar orbit to MPO with a
highly eccentric path (400 Ö 11824 km) that takes about 9.2 hours to complete. This co-planar
conguration helps to attain a coordinated two-point observation of the planetary environment.
Scientic Objectives
The objectives of the BepiColombo mission have been formulated to answer the major scientic
questions outlined in Cosmic Vision programme of ESA [2]. Following questions have been
identied as challenges to pursue;
1. What are the conditions for life and planetary formation?
2. How does the Solar System work?
3. What are the fundamental laws of the Universe?
4. How did the Universe begin and what is it made of?
BepiColombo will address, in part, the rst three of the above four questions during its active
mission life. The objectives and the requirements of the mission will closely follow the ndings of
MESSENGER, thereby giving BepiColombo the opportunity to direct its attention to important
and interesting areas for highly accurate and comprehensive observations.
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It is anticipated that BepiColombo will help to describe satisfactorily the origin and evolution
of Mercury at least to a level par with the other terrestrial planets. The mission will investi-
gate planet's form, interior, structure, geology, composition and craters and thereby precisely
determine the sizes and masses of the crust, mantle, and core. Knowledge of the internal struc-
ture, especially, the state of the core will resolve the issues related to the origin of the planetary
magnetic eld [4, 10].
The exosphere and magnetosphere of Mercury are two key scientic objectives of the Bepi-
Colombo mission. Both MMO and MPO are equipped with several instruments to analyse the
composition, sources of dierent constituents of the exosphere, exospheric dynamics and ion
composition and energy spectra in the exosphere. Key issues concerning the magnetosphere will
be addressed by both spacecraft to gain a thorough understanding of the structure and dynamics
to create a detailed model of the Hermean magnetosphere.
In its eort to derive fundamental laws of the Universe, BepiColombo will provide one of the
most rigorous tests ever on Einstein's theory of general relativity (GR). Accuracy of GR will
be resolved to a level better than 10−5 by measuring the time-delay and Doppler shift of radio
waves and the precision of Mercury's perihelion. Accurate measurements of the gravity eld, the
topography, the amplitude of forced libration, and the obliquity will be required to achieve the
expected high precision.
Payload - MPO
The BepiColombo MPO will have a total 11 scientic instruments on-board. Following is a
payload description of MPO [10].
1. BELA (BepiColombo Laser Altimeter):
Measure Mercury's topography and surface morphology.
2. ISA (Italian Spring Accelerometer):
Measure global gravity eld, local gravity anomalies, rotation state, motion of
the centre of mass of Mercury. Test theory of GR together with instrument
MORE.
3. MPO/MAG (magnetometer):
Measure the planetary magnetic eld, and deduce its source and its interactions
with the solar wind.
4. MERTIS (Mercury Radiometer and Thermal Imaging Spectrometer):
Measure the surface temperature and the thermal inertia to realise the global
mineralogical cartography (wavelength range 7 to 14 µm with a spectral reso-
lution up to 90 nm). Globally map the planet with a spatial resolution of 500
m.
5. MGNS (Mercury Gamma-Ray and Neutron Spectrometer):
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Measure the surface and sub-surface elementary composition, as well as the com-
position of volatile deposits in the polar regions.
6. MIXS (Mercury Imaging X-ray Spectrometer):
Determine the surface elementary composition (using X-ray uorescence anal-
ysis), and realise a global cartography of the abundance of key rock-forming
chemical elements.
7. MORE (Mercury Orbiter Radio-science Experiment):
Composed of a Ka-band radio transponder, a receiving station and a ground
radiometer to study Mercury's gravity eld. Determine the size and physical
state of planetary core.
8. PHEBUS (Probing Hermean Exosphere by Ultraviolet Spectroscopy):
An Extreme ultraviolet (EUV), far ultraviolet (FUV) and near ultraviolet (NUV)
spectrometer to characterise (surface, composition and dynamics) Mercury's ex-
osphere.
9. SERENA (Search for Exospheric Relling and Emitted Natural Abundances) instrument
suite:
Identication and localisation of source and sink processes of neutral and charged
particles as well as estimate their relative eciencies. Study the global surface-
exosphere-magnetosphere system and its interaction with the solar wind. Instru-
ment suite consists of following four sensors.
(a) ELENA (Emitted Low-Energy Neutral Atoms):
Detection of neutral particles (above 50 eV).
(b) MIPA (Miniature Ion Precipitation analyser):
Measure magnetospheric and solar ion uxes.
(c) PICAM (Planetary Ion Camera):
Imaging mass spectrometer for ions of planetary origin.
(d) STROFIO (Start From A Rotating Field Mass Spectrometer):
Thermal and low energy neutral particle spectrometer to monitor the cold
exospheric gas composition with high mass resolution.
10. SIMBIO-SYS (Spectrometer and Imagers for MPO BepiColombo Integrated Observatory
System) instrument suite:
Infrared spectrometer (< 2.0 µm) and high resolution stereoscopic cameras for
the investigation of surface geology, volcanism, global tectonics, surface age, sur-
face composition and geophysics of Mercury. The system contains the following
instruments.
(a) HRIC (High Spatial Resolution Imaging Channel):
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Characterisation of special surface targets with high-resolution images at
ground pixel sizes of about 5 km/pixel using 1 panchromatic lter and 3
wide band lters.
(b) STC (Stereo Channel):
Stereoscopic colour imager at medium resolution (50m/pixel) using 2 panchro-
matic lters and 3 wide band lters. Observe main geological units, large-
scale tectonic features, impact crater population and volcanic edices.
(c) VIHI (Visible Infrared Hyperspectral Imager Channel):
Imaging spectrometer in the 400 - 2000 nm range. Determine the global
mineralogical composition of the surface.
11. SIXS (Solar Intensity X-ray and Particle Spectrometer):
Monitor solar X-rays and energetic particle uxes and their variability. The X-
ray data are needed to interpret MIXS measurements. SIXS observations are
critical for other investigations including exospheric studies with SERENA and
PHEBUS and most studies with MMO payload (see section 3.2).
Payload - MMO
The BepiColomboMMOwill operate independently after it is separated from the MPO. Following
is a brief description of its payload [10].
1. MDM (Mercury Dust Monitor):
Measure the interplanetary dust distribution in Mercury's region of the solar
system (0.31 - 0.47 AU).
2. MMO/MAG (Magnetometer):
Measure Mercury's magnetic eld to obtain a detailed description of the magne-
tosphere, and the relations and interactions with the solar wind and the planetary
magnetic eld.
3. MPPE (Mercury Plasma/Particle Experiment) instrument suite:
Dedicated to study plasma, high energy particle and energetic neutral atom
measurements. MPPE instrument suite consists of following seven sensors.
(a) ENA (Energetic Neutrals Analyser):
Observe substorms at Mercury. Measure morphology and dynamics of the
precipitation zones from the solar wind and magnetosphere.
(b) HEP-ele/ion (High Energy Particle instrument-electrons/ions):
HEP-ele is a spectrometer producing electron energy spectra in the 30 - 700
keV energy range while HEP-ion produce ion energy spectra in the 30 - 1500
keV energy range. Characteristic mass range/resolution of HEP-ion is H, He,
CNO, NaMg, KCa and Fe. Main objectives are to examine high energy
particle bursts, substorms, whole or partial ring current, shock formation,
energetic particles in and near the Hermean magnetosphere.
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(c) MEA (Mercury Electron Analyser):
Toroidal electrostatic analyser (two sensors) producing electron energy spec-
tra in the 5 - 30,000 eV energy range.
(d) MIA (Mercury Ion Analyser):
Toroidal electrostatic analyser producing solar wind ion energy spectra in the
5 eV/q to 30 keV/q energy range.
(e) MSA (Mass Spectrum Analyser):
Dedicated to plasma composition measurements.
4. MSASI (Mercury Sodium Atmospheric Spectral Imager):
High scattering visible spectrometer working in the spectral domain around
sodium D2 emission line (589 nm) and dedicated to the characterisation of Mer-
cury's exosphere.
5. PWI (Plasma Waves Instrument) instrument suite:
Perform detailed analysis to obtain rst ever electric eld, plasma waves and
radio waves data from the Mercury plasma environment. PWI instrument suite
contains the following three receivers (a,b,c) and four sensors (d,e,f,g).
(a) AM
2
P (Active Measurement of Mercury's Plasma):
Antenna impedance measurement and calibration signal source with electron
density/temperature measurement. Perform accurate measurements of the
total plasma density and thermal electron temperature.
(b) EWO (EFD/WFC/OFA) (Electric Field Detector/Waveform Capture/On-board Fre-
quency Analyser):
Low and medium frequency electric eld analyser. Observe waveforms and
spectra in the frequency range from DC (very low frequency) to 120 kHz for
electric eld and from 0.3 Hz to 20 kHz for magnetic eld.
(c) SORBET (Spectroscopie Ondes Radio & Bruit Electrostatique Thermique):
High-frequency electric and magnetic eld receiver with thermal noise spec-
troscopy (electron density/ temperature measurement). Detection and study
of Hermean radio emissions, solar radio emissions and mapping of (cold) elec-
tron density and temperature.
(d) DB-SC (Dual-Band Search Coil):
Magnetic eld sensor along the three axes simultaneously in two frequency
bands, [0.1Hz-20kHz] and [10 kHz - 640 kHz];
(e) LF-SC (Low Frequency Search Coil):
Operates along the three axes in the low frequency [100 mHz - 20 kHz]. Both
DB-SC and LF-SC will measure the AC magnetic eld of plasma and radio
waves around Mercury.
(f) MEFISTO (Mercury Electric Field In Situ TOol):
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Double probe electric eld instrument highly sensitive in the low frequency
range (DC -3 MHz).
(g) WPT (Wire Probe anTenna):
Double-wire antenna with superior sensitivity in the high frequency range
reaching 10 MHz. Both MEFISTO and WPT will independently measure or-
thogonal components of electric elds projected on the spacecraft spin plane.
Spacecraft
The main characteristics of the BepiColombo mission are summarised below [10].
 Launch mass: 4200 kg
 Telemetry: MPO = 1550; MMO = 100 (Gbits per year)
 Power: MPO = 100-150 W; MMO = 90 W
 Design lifetime = 7-8 years
 Cruise time = 6 years
 Communication: Dual frequency band operation ( X/Ka)
 Dimensions:
 MPO: 3.9 × 2.2× 1.7 m (3-axis stabilised and nadir pointing)
 MMO: Octagonal cylinder, face to face length 1.8 m and height 0.9 m (spin-stabilised)
 Cruise trajectory:
 Gravity assist manoeuvres: 1 Lunar yby, 1 Earth gravity assist, 2 Venus ybys, 2
Mercury ybys
 Impulsive manoeuvres: Intermediate propulsion arcs using Solar Electric Propulsion
(4V ∼7900 ms−1) and chemical propulsion (4V ∼1100 ms−1)
Mission Highlights and Current Status
In addition to the mission scenario discussed above, BepiColombo is assembled with several
distinguishing features out of which many we see or hear for the rst time. It oers the most
comprehensive, highest resolution global coverage of the planet ever.
The (a) rst thermal infrared images, to determine surface composition and create global temper-
ature maps, (b) rst global 3-dimensional (stereo) coverage of the surface, (c) rst-ever double-
point measurements around the planet, to better understand the structure and dynamics of the
environment around Mercury, are denitely noteworthy highlights of the mission.
Further, BepiColombo mission employs state-of-the-art unique techniques to combat the hostile
thermal environment of Mercury and to achieve a high telemetry capability.
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Figure 3.2.1: A block diagram of SIXS instrument [11].
MPO and MMO with Mercury Transfer Module (MTM)
2
are scheduled to be launched in one
conguration by an Ariane 5 rocket from Kourou, French Guiana on July 19, 2014.
3.2 Solar Intensity X-ray and Particle Spectrometer (SIXS)
We will, in this section, briey consider the science plans and the characteristics of the SIXS
instrument. Here, we will elaborate more on the particle detector - one of the two main sensor
systems, as it is the part most relevant to the work presented with this thesis.
Scientic Objectives and Requirements
The primary goal of SIXS project is to provide the required data to analyse X-ray emission
from the surface of Mercury. Analysing X-ray emission requires simultaneous measurements of
radiation directed to the surface and X-rays emitted from the surface. Whilst SIXS contributes to
achieve the former, MIXS measures the latter. Information on X-ray emission from the planet's
surface is critical to BepiColombo's scientic objectives as these data are the main source that
will reveal the regolith structure and the chemical composition of Mercury. Mercury is the only
known planet where observation of X-ray emission is possible as it is a phenomenon that occur
mostly on planetary bodies without atmospheres [11].
In its eort to measure radiation, SIXS will target solar X-rays and energetic particles (protons
and electrons) that impinge the surface of Mercury [11]. Two units, an X-ray detector system
(SIXS-X) and a particle detector system (SIXS-P), are devoted to perform these tasks.
2
MTM will provide the required thrust (using both solar electric and propellant propulsion) and braking during
cruise period.
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Figure 3.2.2: Illustration of the work of SIXS in Mercury orbit. At the top is an exterior view
of the sun facing side of SIXS sensor unit. Note: In the nal conguration, the design of the
Radiator of SIXS has taken the shape of a rectangle instead of the wing shape illustrated here.
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The intensity of X-ray uxes at Mercury perihelion is scaled to be 10.6 times greater than observed
at Earth at 1 AU, which suggests that X-ray data at Mercury are a great source for studies of
temporal variability of the intensity and spectrum of solar X-rays (from the solar corona) [11],
in addition to studies of X-ray uorescence and scattering on the surface of Mercury. X-ray
uorescence is a process in which the absorption of radiation caused by X-rays or gamma rays
of a specic energy results in the re-emission of characteristic secondary X-rays.
Highly energetic particles bombarding the surface of Mercury are also presumed to emit X-rays
through particle-induced X-ray emission (PIXE) and bremsstrahlung [11]. In the next chapter
we will discuss SEPs, a major supplier of highly energetic particles to Mercury environment.
MIXS and SIXS will operate in tandem to achieve their common mission objectives - in fact
measurements by MIXS will be meaningless without the input from SIXS. However, apart from
complementing the work of MIXS, several independent science topics could be studied based
on SIXS data (e.g., the spectral resolution, broad spectral range, and high time resolution of
SIXS will make the data immensely benecial for studies of solar physics)[56]. A block diagram
detailing the main characteristics of the SIXS instrument system is provided in Fig.3.2.1 [11].
SIXS-X and SIXS-P detectors are based on silicon (Si) PIN diodes known for their durability and
quantum eciency. The two instruments are developed in collaboration by Finnish and British
scientists and interestingly, MIXS (spelt: miksi) is Finnish for Why? and SIXS (spelt: siksi) is
Finnish for That's Why!.
Supplementary scientic objectives of SIXS include, (a) monitoring of SEP uxes and energy
spectra in the inner heliosphere for studies of particle acceleration at the Sun and the interplan-
etary medium; (b) measurements of magnetospheric proton and electron uxes for studies of
magnetospheric dynamics of Mercury. Observations by SIXS will be useful and in some cases
crucial to successfully perform the tasks of several MPO and MMO instruments [11, 56].
The work of SIXS in Mercury orbit is illustrated in Fig. 3.2.2 with a 3-D model view of the
SIXS sensor unit. SIXS instrument is mounted on the upper-side of MPO with one of the SIXS
X-ray detectors facing the Sun (see Fig. 3.2.2). The radiator is on the anti-Sun side to eectively
dissipate heat o the system. On the front side is an Optical Surface Reector (OSR) to reduce
the heat ux absorbed by the instrument [11, 3].
X-ray Detector System
The performance features of SIXS-X are outlined below [57].
 Spectral range: 1  20 keV
 Spectral resolution (beginning-of-life): 250 eV (6 keV) , 350 eV (10 keV )
 Total Field-Of-View : 4×100 degrees diameter (circular)
 Sensitivity (on-axis): ∼200 cps at ∼10-6 W/m2 (1-8 Å solar ux)
 Maximum count-rate: ∼20000 cps (1% pile-up)
 Background: ∼4-6 cts/s/keV (average, not including Fe-55 source)
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 Operating temperature: -20 to 0
◦C
 Time resolution: 1 s (count-rate), 16 s (spectrum)
Particle Detector System
Particle radiation on to the surface occur on dayside as well as nightside of Mercury. Therefore,
to continuously monitor particle uxes throughout the MPO orbit, SIXS has employed ve
detectors, one in the anti-nadir direction and the other four perpendicular to anti-nadir and
at right angles to each other. A cross-section of SIXS-P is provided in Fig. 3.2.3 illustrating
the structure of the collimator with alternating rings of aluminium (Al) and tungsten (W). The
thickness of this collimator frame (Al dome) is enough to stop 70 MeV protons and 10 MeV
electrons [56].
An outer foil (7µm of Be) and an inner foil (7µm of Kapton) above the side detectors, assure that
the Si detectors are protected from the outside thermal and electromagnetic environment and
electromagnetic interference. The two foils also shield the detectors from optical light. At the
centre of the collimator structure is a Thallium activated Caesium Iodide (CsI(Tl)) scintillator
crystal (core detector) with photodiode readout, enough to stop a 35 MeV proton[56].
Protons and electrons are the most abundant species of particles in the Mercury environment
producing PIXE[11]. SIXS instrument is, therefore, congured to measure energy spectra of,
electrons in 6 dierential energy channels at 0.13 MeV, and in 1 integral energy channel > 3
MeV; and protons in 8 dierential energy channels at 130 MeV, and in 1 integral energy channel
> 30 MeV[57].
The electrons and protons are identied using a simple statistical basis. The low energy particles
usually stop at the Si detector layer. The foil complex is structured to cease protons of about 1
MeV and let through 100 keV electrons. The electrons captured by the rst detector layer are
within the energy range 100-300 keV. Protons depositing less than 300 keV in the Si detector
have their primary energies in a narrow range just above 1 MeV. Energetic particle spectra are
typically decreasing functions of energy, therefore, there is a much higher probability that a
particle depositing less than 300 keV is an electron than it being a proton. Then, there are
electrons ( > 300 keV) and protons (> 4.3 MeV) that penetrate the Si detector and produce a
detectable signal in the core detector. At these energies, the particle identication is based on
the well-known 4E vs. E method [56].
The performance features of SIXS-P are outlined below [3, 57].
 Spectral range:
- protons: 130 MeV
- electrons: 100 keV  3 MeV
 Spectral resolution:
- protons: 8 dierential and 1 integral energy channels
- electrons: 6 dierential and 1 integral energy channels (4E/E 70% on aver-
age)
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Figure 3.2.3: The collimator structure of SIXS-P. The substrate on the bottom is the housing
of the photodiode. Note that this gure does not show the thin beryllium (Be) windows in the
openings [56].
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 Field-Of-View:
> 180 degrees diameter with coarse directional sensitivity
 Sensitivity:




(3-MeV protons / 200 keV electrons)
 Maximum counting rate:
20000 cps (limited by electronics / on-board analysis software)
 Background:
high-energy particles, estimated to be negligible during soft spectral conditions;





8 s, 1 s for high-resolution channels
Chapter 4
Origin of Solar Energetic Particles
Discovery of origin of energetic particles from the Sun during late 1970s, was a landmark event
in heliospheric studies. Observations have revealed that two distinct type of events, 1) solar
ares and 2) coronal mass ejections (CMEs) are responsible for Solar Energetic Particles (SEPs).
Among these two events, CMEs produce the largest, most energetic and most prolonged particle
events. In this chapter, we summarise the processes associated with generation of SEPs with an
introduction to solar wind, the carrier of high-energy particles from the Sun.
4.1 The Solar Wind
Our Sun, with a mass of ∼ 1.989× 1030kg (92.1 % of H and 7.8 % of He) and core temperature
of ∼ 1.5 × 107K, is the ultimate nuclear fusion reactor one can think of in the solar system. It
is now understood that the bulk of the Sun's energy comes from the protonproton cycle (or pp
chain) and CNO cycle is responsible for only about 1% of the total energy output [58].
The pp chain is a process where two protons momentarily bind together due to the strong nuclear
force through a mechanism known as quantum tunnelling to form a helium nucleus releasing
energy [58]. Reactions in the chain release neutrinos. The discrepancy between neutrinos detected
in experiments and theoretically predicted values in solar nuclear reactions usually referred as
the solar neutrino problem is yet to be solved.
According to the current Standard Model (of the Sun) pp-chain has three branches resulting
26.732 MeV energy produced per alpha particle irrespective of which branch the chain choose to
follow [59]. The CNO cycle on the other hand is a more complex process yielding a similar result
as in pp chain.
The gamma rays produced in the core gradually move outward interacting with matter present
in dierent layers of the Sun. The rst of these layers that gamma radiation encounter is
the radiative zone, which accounts for approximately 71.3% of Sun's radius. This is a long
and arduous journey for the gamma rays where absorption and re-emission by other gas in the
radiative zone increase its wavelength and thus become photons in visible frequency. The average
time energy takes to move in to next layer, the convective zone, is about 170 000 years. At this
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level the temperature has dropped to some 2×106 K and continues to drop through convective
zone to 5778 K on the surface of photosphere.
The temperature dierence generates a circular motion of the hot plasma. The convection
currents bring the energy to the surface and the cooled gas return toward the centre. Granulation
that appear on the photosphere is a result of this variation in brightness where the brighter areas
are the hot plasma moving up to the surface and darker areas are the relatively cooler regions
heading back to the core radiating energy outward. In contrast, it takes only about 10 days for
energy to travel from the base of the convective zone to reach the photosphere.
Observations of granules (brighter areas of hot gas just arrived at the surface) on the photosphere
have revealed that the Sun possesses a dierential rotation in which the equatorial regions rotate
faster (rotation period ∼ 25 days) than the polar regions (rotation period ∼ 36 days). The
dierential rotation is considered as a source for solar dynamo generating Sun's magnetic eld
[58]. The dierential rotation does not continue beneath the convection zone. A very narrow
layer called tachocline at the base of the convection zone where the variation of rotation rate
disappears, is understood to be the likely location for the dynamo action producing the large-scale
magnetic eld.
Once the energy reaches the photosphere, it escapes through the chromosphere and corona and
into the space. The chromosphere is a region about 2000 km thick where the gas density is
less by a factor of about 10 000 and the temperature increases from ∼6000 K at the top of the
photosphere to about 25 000 K. The rapid increase of temperature in excess of 2×106 K in the
solar corona, over a distance of a few hundred kilometres is still an open question in modern
solar physics. However, it is thought that energy might be transported into it by magnetic elds.
The solar corona is not in hydrostatic equilibrium and the temperature at the corona is sucient
to overtake the gravitational attraction of the Sun and continuously eject magnetised plasma
material outward about 1 million ton per second. The ow of this material is known as the solar
wind [58, 59].
The solar wind carrying hydrogen plasma, electrons, protons and alpha particles at supersonic
speeds (400 - 800 km s
−1
) through out the heliosphere, diminishes as it approaches the boundary
with interstellar space (heliopause). Two types of solar wind have been distinguished based on
observations by Mariner II in 1962, a more tenuous wind owing faster (∼750 km s−1) and a
denser but slower (∼350 km s−1) wind.




= ∇ · (K · ∇U), (4.1.1)
where U is the number density per unit interval of particle kinetic energy and K =K‖bb where
K‖ is the parallel diusion coecient taken along the magnetic eld. Typically, in the inner
heliosphere, for particles with speed 0.2c (c is the speed of light), the eects such as adiabatic
deceleration, convection with the solar wind, and drifts due to inhomogeneities in the magnetic
eld are negligible [60].
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Figure 4.2.1: Illustration of the formation of a prominence in a twisted-ux-tube model [59].
Particles accelerated in the solar atmosphere are responsible for various kinds of radio emis-
sion recorded from the Sun. In addition to these streams of plasma and particles, CMEs send
shock waves and plasma clouds through interplanetary space and cause second-step particle ac-
celerations there. This is responsible for the very complex conditions in the space weather and
indeed inuence the weather at the Earth. Particles accelerated at the Sun are guided by the
interplanetary magnetic eld lines.
It is now resolved that SEPs are produced by two mechanisms, are acceleration and CME driven
shock waves. They are also roughly categorised as impulsive (associated with solar ares) and
gradual (associated with fast CMEs) SEP events. However, connection between SEP events and
active phenomena is not entirely clear (e.g., time scales, point of acceleration). Gradual SEP
events typically show higher particle energies than the impulsive events. Yet, there is evidence
that both gradual and impulsive types have maximum ∼1 GeV proton and ∼100 MeV electron
energies [61, 62].
4.2 Solar Flare Acceleration - Impulsive Events
A proper description of SEPs produced from impulsive events require a clear picture of solar
ares. Solar ares occur when reconnection of Sun's magnetic eld lines converts magnetic
energy into kinetic energy of particles often causing a colossal eruption from within the low
corona.
Solar Flares
Solar ares are a result of the burst of giant gas columns stretching up from the chromosphere
known as prominences (laments). Prominences are remarkably denser (plasma density, n ≈




) and as a consequence much cooler (5000 - 10000 K) than the respective
coronal characteristics. Typically a prominence endures a period of about 300 days and extends
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Figure 4.2.2: Summary of the processes and features at the upper layers of the Sun due to the
emergence of magnetic ux. Abbreviations MMF and EB refer to moving magnetic features and
Ellerman bomb respectively [63].
beyond 30 000 km. Almost all ares are observed only in monochromatic light (mostly Hα line)
but some powerful ares also emit in the white light.
The physics that hold these stable magnetic structures can be described by using basic magne-
tohydrodynamic (MHD) equations [63, 59].
∂B
∂t




= −∇P + (j×B) + ρg (4.2.2)
The MHD induction equation (4.2.1) describes the temporal variations of the magnetic eld
where B is the magnetic eld, v is the bulk velocity of the plasma ow and η = 1(µ0σ) is the
magnetic diusivity, which is inversely proportional to the product of free space permeability
(µ0) and plasma conductivity (σ). Induction equation communicate to us the characteristics of
the transport of the magnetic eld with the plasma and the diusion of the magnetic eld within
the plasma.
The momentum equation (4.2.2) is the other important relation, which describes how the mag-
netic eld is coupled to the plasma by the Lorentz force j×B where ρ is plasma density, ∇P is
pressure gradient, j = ∇×B/µ0 is the electric current in the plasma and g is gravitation. The
cool plasma in the prominence is suspended by the j×B force against gravity.
4.2. SOLAR FLARE ACCELERATION - IMPULSIVE EVENTS 37
In this respect prominences maybe described as ux tubes. Emergence of magnetic ux through
the lower layers of the solar atmosphere is sketched in Fig. 4.2.2 [63]. A widely accepted theory
is that the originally closed magnetic loops begin to twist and writhe due to radiative instability.
Yet, other reasons could be a newly emerging magnetic ux, a nearby conned are, a wave
disturbance coming along the solar surface from another source of activity.
As the ux tube evolves the cool plasma begins to concentrate at the lower nexus of the the loop
(the Gray region shown in Fig. 4.2.1) [59] and as it becomes denser, it ows down under gravity
at both ends of the loops. This leads to repeated re-connections of the open eld lines, which
begin to create new loops in the active region (panel 4 of Fig. 4.2.1). Reconnection process
produces intense heat at the top of each new loop and as the distance between the foot-points
of the loop increase, twisting becomes intense and ultimately the accumulated magnetic energy
is released in a violent eruption.
Mechanisms through which magnetic energy of solar ares is transformed into accelerated suprather-
mal particles are not completely clear. Recent studies submit stochastic processes such as mag-
netohydrodynamic waves energised by the primary magnetic energy dissipation being the main
acceleration mechanism for impulsive ares [62].
Fig. 4.2.2 provides a summary to the dierent events we discussed above and further illustrates
other complex features such as sunspots (located at the intersection of the ux tubes with the
photosphere), moving magnetic features (MMF), plages and Ellerman bombs (EBs), which are
beyond the motive of this review.
Impulsive SEP Events
The ares can be of very dierent sizes. A large are (e.g., size: arcade radius = 20 000 km,
length = 100 000 km) can release about 6 Ö 10
25
J of magnetic energy, accelerating electrons,
protons and heavier ions to relativistic speeds. Much of this energy is spent on energising the
ambient particles, which can then remain either trapped at the Sun or escape into interplanetary
space.
During the impulsive phase of a are, electrons are accelerated to relativistic energies (10100
keV, occasionally up to 10 MeV) in less than one second. Ions on the other hand are accelerated
through somewhat selective resonant wave-particle interactions [61] and may reach energies in
the order of GeVs [59]. Electromagnetic radiation throughout the spectrum from radio waves to
X- and γ-rays is observed for these high energetic particles.
A distinguishing feature of impulsive events is the element abundances that dier from those
in the corona. Elements with proton number Z > 8, are strongly enhanced relative to coronal
abundances while He, C, N, or O are not [61]. Furthermore, impulsive events have rich abundance
of the rare isotope
3
He and studies have shown that event-to-event variations in the abundance of





of the order of unity and Fe/C have ∼6.7 times enhancement relative to coronal abundance
[61]. This pattern of enhancement is attributed to the characteristic charge/mass ratio and is
consistent with acceleration of the ions from a plasma in the temperature range of 3-5 MK [61].
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It is useful to summarise that impulsive events are short lived compared to gradual events mainly
because ares erupt and recede quickly thereafter. Yet the occurrence rate of impulsive events
are much higher compared to gradual events in that for example
3
He rich events occur ∼1000
per year over the whole solar disk and during solar-maximum. Further, impulsive events are
associated with Type III radio bursts (∼10000/year), Hα ares (∼10000/year) and hard X-ray
ares (∼4000/year) [61].
4.3 CME Driven Shock Waves - Gradual Events
The largest long-lasting SEP events are associated with fast CMEs. The study of these events is
important mainly for two reasons; (a) their space weather implications, and (b) their dominant
contribution to the abundance of energetic particles observed throughout a solar cycle [61].
Following is a brief outline to gradual SEP events.
Coronal Mass Ejections (CMEs)
CMEs are massive plasma and magnetic clouds ejecting the Sun. Usually a CME release approx-
imately the same amount of energy as a typical solar are, yet they eject matter in the range of
5×1012 - 5×1013 kg. The speed of a CME varies from 50 km/s to 2000 km/s but at 1 AU they
seldom exceed 750 km s
−1
. The rst CME was observed by white-light coronagraph on-board
NASA's seventh Orbiting Solar Observatory (OSO-7) in 1971 [59].
It is revealed by observations that CMEs are more often associated with eruptive prominences
than impulsive ares (only∼40% of CMEs have an associated impulsive are except for fast
CMEs) [61]. CMEs have very large dimensions, their average angular size being about 45
◦
, thus
disrupting closed magnetic structures along a very large part of the solar surface.
The CMEs are considered to originate from the closed eld line regions and this determines their
magnetic topology. When the matter escapes, the whole magnetic arcade gets disengaged from
the Sun creating a patch on the surface. It has been observed that a soft X-ray arcade remains
for several hours on this patch where the CME was ejected [59]. This phenomenon is known as
a gradual are.
Gradual SEP Events
Gradual SEP events are driven by CME shock waves. An interplanetary shock wave is developed
when a fast CME overtakes a slow solar wind. SEP events are likely to occur only when CME
speeds exceed 750 km s
−1
[64, 3].
A gradual event comes to eect when CME-driven shocks accelerate ions from the ambient plasma
of the corona and solar wind or from any supra-thermal ions remaining from earlier impulsive or
gradual SEP events. Yet, not all CMEs are capable of producing SEP events except for 1-2% of
the fastest CMEs [61, 65]. The magnetic turbulence in upstream and downstream region of the
shock accelerates the particles by tossing them back and forth across the shock. It is estimated
that the acceleration mechanism should also operate for roughly the same time period the SEP
event lasts. It has been deduced that the most ecient acceleration occurs at 5-10 solar radii.
These gradual SEP events can persist for several days [61].
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Table 4.1: Comparison of impulsive and gradual SEP events [62].
Property Impulsive Gradual











longitude cone <30◦ ∼180◦
radio burst type III,V type II,IV
X-ray are impulsive gradual (> 1 hour)
coronagraph - CME
solar wind - IP shock
events/year ∼1000 ∼10
Gradual events are typically dominated by high energy protons whereas electrons dominate the
impulsive events. Ion abundances and ionisation states in gradual events correspond well to
coronal values. The event-averaged abundances of elements in gradual events, obtained from
low-energy measurements, provide a direct measure of element abundances in the corona and
solar wind [61]. Gradual SEP events occur at a rate of ∼20/year, at solar maximum, and their
peak intensities are directly proportional to CME speed [65].
A comparison of typical characteristics of impulsive and gradual SEP events is provided in Table
4.1 [62]. The core dierence between impulsive and gradual SEP events lies in the acceleration
mechanisms. While resonant stochastic acceleration is responsible for impulsive SEP events,
CME-driven shock acceleration is responsible for gradual SEP events [65].
Chapter 5
Numerical Model
Test particle simulation techniques are widely used to analyse the particle behaviour in a given
eld. This chapter is devoted to introduce the numerical model and methods used in the sim-
ulation of propagation of protons in a model Hermean magnetosphere. The applied particle
simulation algorithm was developed by Vainio and Sandroos [13]. We will briey describe here,
the mathematical properties and the numerical methods of the results presented in Chapter 6.
5.1 Introduction to Simulation Model
The simulation environment including the Hermean magnetosphere is constructed by a simple
analytical magnetic eld. Particles are distributed in the three-dimensional Cartesian coordinates
(x,y,z) and their trajectory is traced by solving the equations of motion with the Boris-Bunemann
method. Orientation of the coordinate axes are understood as follows;
+x - toward the Sun
+y - in to the paper
+z - through planet's North
We inject energetic protons to the simulation in the xz-plane. Particle simulation space is a
spherical hull with planetary surface as the lower boundary and another non-concentric spherical
surface with a radius of 2 R
M
as the upper boundary (the outer free-escape boundary). Injected
protons are traced both forward and backward in time from a selected point of observation until
they hit either boundary of the simulation space [13].
While conceptually simple, this model is able to account for a wealth of energetic particle data;
specically,
 The model gives the liberty to change the energy and velocity of the particle and number
density. Variable point of particle injection and cone-half-width of the virtual detector
assures the proper study of most of the salient features of particle distribution around the
entire planet (see section 6.1).





Ion Propagation in the Analytical Magnetic Field
As far as the particles are concerned, the model follows the motion of ions in a static magnetic
eld.
In our static model where the magnetic eld is a solenoidal vector eld (∇·B = 0), the shape
of eld lines are described by the Ampère's Law (5.2.1) and protons propagate by the Lorentz
force (5.2.2). In equation 5.2.1, J, µ◦ and B are current density, permeability of free space and
magnetic eld respectively. The parameters mp, vp and qp in equation 5.2.2 are respectively the
mass, velocity and electric charge of a proton that enters the magnetic eld with a speed vp  c
[46].




= qp(E+ vp ×B) (5.2.2)
In summary, this model is characterised by a very small number of free parameters. The equation
of motion (p˙ = qv ×B) is integrated in time with the BorisBunemann leapfrog method in order
to track the propagation of energetic protons in Hermean magnetosphere [13]. Benet of this
method is the conservation of the energy of the particles to be solved.
The analytical magnetic eld constitutes three components, an internal dipole (B1) representing
Mercury's internal magnetic eld, a mirror dipole (B2) placed at a distance of 7.4 R
M
sun-ward,
representing the eld eect of IMF, and a tail current sheet (B3 = B3xex+B3zez) placed between
x = xs − L and x = xs [13]. The tail current sheet thickness is D. Thus;
B1 =
3(k1 · er)er − k1
r3
; k1 = k1ez (5.2.3)
B2 =
3(k2 · er′)er′ − k2
r′3
; k2 = k2ez; r
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(xs − L− x)2 + z2 +D2
(xs − x)2 + z2 +D2 (5.2.6)
The code numerically solves equations (5.2.3) - (5.2.6) by applying following values for the
parameters therein [13].












The initial direction of the particle trajectory is randomly picked inside the virtual detector
pointed toward the zenith. During the simulation, particles with four energy levels (1 MeV, 3
MeV, 5 MeV and 7 MeV) are injected separately to the detector 400 km above the surface and
repeated at 12 locations (see Appendix II) along an MPO like orbit.
The data generated from the simulation is then run through a series of MATLAB
®
routines
to project the data in to latitude-longitude maps and 3D maps. The calculations involved are
thoroughly explained in Appendix III.
Chapter 6
Results
SIXS-P instrument on-board MPO of BepiColombo measures the solar energetic electron and
proton uxes and their variability in the Hermean environment [11]. Energetic proton propaga-
tion inside the Hermean magnetosphere is studied using a simulation model [13] that traces the
propagation of energetic protons. This chapter presents the results of the numerical simulations
carried out with respect to the model explained in the foregoing. Two primary simulations were
carried out, which are denoted as Run-A and Run-B hereafter.
The capability of SIXS-P to perform measurements of particle ux hitting the surface whilst the
MPO is inside the magnetosphere of Mercury, is analysed through Run-A. Data generated by
the numerically simulated proton propagation in the analytical model of the Hermean magnetic
eld can be used to visualise particle distribution, study the response of SIXS-P under certain
conditions and study individual particle trajectory. Run-A corresponds to the path shown in red
in Fig. 6.0.1, which is a possible orbit of MPO with periherm at the sub-solar point, where we
focus on the particles detected in the noon-midnight meridian.
Run-B was carried out with the scientic objective of determining ux distribution at the mag-
netopause of particles hitting the surface of Mercury as viewed from above the surface on the
noon-midnight meridian. In Run-B we study the possibility of particles of certain energy to reach
the surface of the planet (where the virtual detector is placed) if they originate from the mag-
netopause and map their angular distribution at the magnetopause. Study of energetic particles
hitting the surface springs from the common mission goal of SIXS and MIXS where measure-
ments of Solar X-rays by SIXS are used by MIXS for a more in-depth interpretation of X-ray
uorescence data from planetary surfaces [66].
In addition to studies of particle uxes, an analysis of velocity distribution with respect to
asymptotic directions was performed. The propagation of energetic solar wind protons through
the Hermean magnetosphere to the detector on the surface is used as a tool to study the direc-
tional distribution of these protons inside or at the magnetopause.
It is important to recall that Field of View (FOV) employed in the simulation is the view cone
pointing toward the zenith where most of the high-energy protons bombarding the planetary
surface are likely to be detected [11].
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Figure 6.0.1: A simple model of the Hermean magnetic eld. Field lines connected to the northern
hemisphere are drawn in the xz-plane. Magnetic eld strength is normalised to 400 nT, which is
the value obtained at the closest approach (327 km from the surface) of Mariner-10. As shown,
eld is constructed from 3 components; an internal dipole, a mirror dipole and a tail current
sheet. The red and blue paths are two possible congurations of BepiColombo/MPO orbits. The
orbital points where the data for Run-A of the numerical simulation were gathered are marked
with a cross along the path indicated by red. Green dashed circle represent the outer-free-escape
boundary. Angle ϕ corresponds to the phase angle of the considered orbital points where separation
is 30◦ between any given adjacent points [13].
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6.1 Identication of Simulated HermeanMagnetospheric Par-
ticles
In this section, we summarise the methods of tracing, recording and mapping of the energetic
particles in the simulation. The relevant mechanisms to handle propagation of electrons and
protons in the Hermean magnetosphere are described in the preceding chapter.
We consider energetic particles (protons) that can be detected by SIXS-P at various locations of
its entire orbit around the planet, as they propagate through Mercury's inhomogeneous magnetic
eld. In order to maintain eciency, ten thousand particles are simulated in most of the tests
presented here unless otherwise specied. Appendix I (The Code) details the input parameters
of the magnetic eld, particle injector and how the simulation is run in general. The simulation
model is capable of handling particles injected from xz-plane and their trajectories are calculated
both forward and backward in time.
The eld, as shown in Fig. 6.0.1, is constructed from an internal dipole, a mirror dipole and a
tail current sheet where the normalised magnitude of the magnetic eld at a reference point is
400 nT [13]. Magnitude of the eld strength is a direct substitute from the observational data
obtained at the closest approach (327 km from the surface) of the third yby of Mariner-10
mission in 1975 [67]. Although the magnetic eld model used in this simulation is simple, Fig.
2.3.1 in chapter 2, which was developed with the ndings of MESSENGER, reveals that the basic
structure of magnetosphere-solar wind interaction, including a magnetopause, cusp regions and
a cross tail current has been suciently reproduced for the intended analysis.
Path of Spacecraft
The spacecraft (simulation model) was taken on an orbit with periherm 2840 km and apoherm
3940 km during Run-A. Before this work, the model had been used only for one location (i.e.,
zero degrees from the Sun-Mercury line) [13]. We calculated orbital path of Run-A, therefore,
with a yield of phase angle (ϕ) at 30◦ separation with respect to latitudinal plane (see Fig. 6.0.1)
and gathered data for analysis of particle behaviour. The red and blue paths of Fig. 6.0.1 illus-
trate two possible MPO orbits and in the background is an xz-plane representation of Hermean
magnetic eld lines cusped at the northern hemisphere [13]. The orbital points where the data
were gathered are detailed in Table 1 of Appendix II and are marked with a cross along the orbit
of Run-A in Fig. 6.0.1.
Half-width of the virtual detector view cone was xed at 30◦ for Run-A, approximately corre-
sponding to the actual width of SIXS-P view cone.
In contrast, Run-B utilises a surface skimming circular path around the planet.
Tracing
We are dealing with a very dynamic magnetosphere at Mercury, due to the relatively weak dipole
magnetic moment (∼ 5 · 1012Tm3) and intensive solar wind streams (density∼ 73 − 32/cm3,
velocity∼ 430 km/s - see Appendix IV) and abundant presence of charged particles originating
46 CHAPTER 6. RESULTS
from the solar wind, the planet's exosphere and surface layers [68]. At the highest energies (&1
MeV), however, energetic protons are mostly aected by the instantaneous magnetic eld of the
planetary environment [69].
In our static eld model, we capture this myriad of particle activity in a spherical hull between
the surface and an outer free-escape boundary. Outer free-escape boundary is a spherical surface
with a radius of 2R
M
centred at ((x, y, z) = (−0.65R
M
, 0, 0) as illustrated by the green-dashed
circle in Fig. 6.0.1. All injected particles are traced both forward and backward in time until
they hit either boundary of the simulation space.
Overview of Data Sets
A successful run of the code generates an output le containing information about injection,
future and past state of each particle. This information includes; exit time, Lorentz factor,
coordinates of the exit point at 3D space and components of velocity (see Appendix I). Lorentz
factor (gamma factor) is dened as;
γ ≡ c√
c2 − v2 (6.1.1)
where c is the speed of light and v is the particle speed.
We dene Past as particle trajectory calculated backward in time from the point of detection
and Future as a trajectory calculated forward in time. We used these data in our MATLAB
®
algorithms (see Appendix III) to generate particle maps. To enhance the clarity of information
given through produced gures, particles were separated in to following categories;
1. Particles that were originated from the surface and end-up on the surface - GREEN,
2. Particles that were originated from the surface and end-up in the magnetopause - BLUE,
3. Particles that were originated in the magnetopause and end-up on the surface - YELLOW,
4. Particles that were originated in the magnetopause and end-up in the magnetopause - RED
and colour coded accordingly in gures 6.2.1,6.2.3(a),6.2.4 and 6.2.8.
The above colour code applies only to latitude-longitude maps of Run-A. Algorithms used to
perform various calculations are explained in detail in Appendix III.
Collected data oer a great platform to study the statistics of the events in the detector. The
power of simulations becomes clear when we compare dierent energetic-proton populations.
6.2 Simulation of Particle Distribution
In this section we present selected results of Run-A corresponding to Table A1.1 of Appendix II.
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Figure 6.2.1: Spatial distribution of 3MeV protons crossing the instrument at sub-solar point of
MPO-like orbit. Colour coded as follows; GREEN - particles that were originated from the surface
and end-up on the surface. YELLOW - particles that were originated in the magnetopause and
end-up on the surface. RED - particles that were originated in the magnetopause and end-up in
the magnetopause. Detector location is marked with a cross. A large fraction of particles had
made their way on to the surface as could be expected.
Figure 6.2.2: A MATLAB
®
three-dimensional view of the ux of the 3MeV protons at Mercury
observed from zenith view cone at ϕ = 0 with the magnetic eld lines indicated by black lines.
Red and blue represent past and future of the particle ux of impacting protons respectively.
Past is dened as particle trajectory calculated backward in time from the particle detector and
the same for future except that it is calculated forward in time. Note the precipitation right
beneath the spacecraft and the thin distribution spread out in the magnetopause.
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We took four main energy levels (1 MeV, 3 MeV, 5 MeV and 7 MeV) in to consideration when
injecting particles at all the 12 stations along the orbit of Run-A. Data were generated at a
broader scope, enabling identication of particle movement and behaviour ranging from places
with strongest deection to places with least eect of the magnetic eld. We have simulated
protons with energies below the SIXS energy threshold (< 1 MeV) and very high-energy protons
(e.g., 30 MeV) at certain locations, details of which are described in the following sub-sections.
Fig. 6.2.1 shows the numerical solution of the distribution when the SIXS particle detector is
directly above equatorial plane (400 km) for particle energy level uniformly distributed between
3000 keV and 3001 keV. Horizontal and vertical axes represent longitude and latitude respectively.
A global view of the same distribution is plotted in Fig. 6.2.2 where past and future of
the particle ux of impacting protons are denoted by red and blue respectively. Field lines as
calculated by the code are plotted in black lines.
Studying the gures, especially the latitude-longitude plot, it is seen that larger fraction of
particles made their way on to the surface after detection. As we will see later, higher energies
(> 3 MeV) propagate in a rather similar regular fashion as their Larmor radii are greater than
the width of the above mentioned simulation space (The Larmor radius of a 1 MeV proton in
a 300nT eld is about 500km [11]). The discontinuities are resolved quite sharply in Fig. 6.2.1
where our view cone has detected a tiny amount of albedo particles (green dots) moving across
about 30-35 longitudinal degrees. Further we note that a fraction of particles (red dots) that
was concentrated at zero longitude in magnetosphere have slightly evenly spread spanning both
longitudinally and laterally in a thin strip.
Let us now see how the distributions appear on a latitude-longitude plot for 1 MeV energy
level while keeping everything else xed to the values used in Fig. 6.2.1. The protons appear
to originate much more at the surface as compared to 3 MeV case indicating that at 1 MeV
energy level particle propagation is dominated by albedo trajectories. The lateral spread of
particles originated at the magnetopause and ended-up in the magnetopause virtually with no
signicant movement across the longitudinal axis is a noteworthy dierence. Fig. 6.2.3 provides
further evidence for this interpretation. Panel (a) describes the latitude-longitude distribution
and panel (b) is a three dimensional view of the same with a crude wire-frame of planetary sphere
and magnetic eld lines plotted to scale. Another noteworthy observation is the precipitation
directly below the spacecraft in Fig. 6.2.3(a). This is a character that would help interpret MIXS
data accurately.
Fig. 6.2.4 shows the distribution map when the particle detector is at ϕ = 30◦(panel (a))
and ϕ = 330◦(panel (b)), simulated for 1 MeV particles. Here we observe a more scattered
distribution and even particles that were originated from the surface (blue dots) ending up to
the magnetopause. This type of structure is common for Mercury's day-side latitudes up to
±45◦. A three dimensional view of the distribution corresponding to panel (a) of Fig. 6.2.4 is
shown in Fig. 6.2.5. It is an example of particles being transported very long distances due to
gradient and curvature drift and nite Larmor radius eect.
On the night-side, however, at the same latitudinal range, a rather straight forward particle
deposit beneath the spacecraft was observed with some minor population ending back at the
magnetopause. Particle maps for any energy level considered for the simulation, exposed that
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(a)
(b)
Figure 6.2.3: (a) 1 MeV proton distribution when the detector is at sub-solar point. Detector
location is marked with a cross. See Fig. 6.2.1 for the colour scale used. Note the precipitation
directly below the spacecraft in top-left sub plot. (b) 3D visualisation of the same highly scattered
distribution. The orange box indicates the spacecraft location. Distribution pattern correspond to
a nite number of Larmor orbits inside the magnetopause.
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Particles on magnetopause − past
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Particles on magnetopause − past
(b)
Figure 6.2.4: Typical latitude-longitude distribution pattern for 1MeV particles at day-side mid-
latitudes. Particle detector (a) 30◦ northward from the equator. (b) 30◦ southward from the
equator. See Fig. 6.2.1 for colour scale used. Blue dots represent particles that were originated
from the surface and end-up in the magnetopause. Note the mirror symmetry between (a) and
(b).
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Figure 6.2.5: 3-dimensional distribution of particle ux of 1 MeV protons injected from 30◦N,
0◦. Note the particles originated at the tail and transported to day-side.
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Particles on magnetopause − past
Figure 6.2.6: 3 MeV proton distribution when the detector is at the night-side (ϕ = 150◦). See
Fig. 6.2.1 for the colour scale used. Note the precipitation directly below the spacecraft in top-left
sub plot and that no particle has originated from the surface.
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Figure 6.2.7: Strong deection of particles back to the magnetopause at higher energies. Shown
here is the global distribution of 7 MeV particles injected from ϕ = 120◦.
at the range where, 60◦ ≥ ϕ ≥ 300◦, no particle was originated from the surface under the set
conditions. Fig. 6.2.6 shows the distribution pattern for 3 MeV particles in night-side (ϕ = 150◦),
which as far as the distribution pattern is concerned, is also typical for other energy levels.
Simulations at Polar Region
We cover both northern and southern poles of our model dipole magnetic eld, at a 60 degree
angular separation for each hemisphere (i.e., 60◦ ≥ ϕ ≥ 120◦; 240◦ ≥ ϕ ≥ 330◦ in Appendix II).
Throughout the night-side a strong deection of particles back to the magnetopause was visible
for higher energies (> 3 MeV) well pronounced especially at the polar regions. Fig. 6.2.7 maps
the distribution of 7 MeV particles injected from ϕ = 120◦ in 3D space. We observe that
deected particles have wide spread over northern polar region and stretched along the northern
magnetopause tail lobe.
In contrast to the night-side, when high energy particles are injected, we see that entire particle
population being precipitated directly below the spacecraft at high latitudes of the day-side of
Mercury. An example of particle ux at day-side higher latitudes is shown in Fig. 6.2.8(a). This
type of precipitation is quite predictable at high energies (i.e > 3 MeV) as the Larmor radii of
these protons are so large that several Larmor orbits cannot be completed. So the propagation
direction is clear. High-energy protons that cross the location of the detector, tend to populate
heavily straight below as oppose to low-energy protons. Note that cusp regions have magnetic
eld lines pointing from detector location to the surface.
A close-up of latitude-longitude distribution for energies below SIXS energy threshold (1 MeV) at
the polar regions is presented on Fig. 6.2.8(b). Here, the particle ux at day-side polar region of
the southern hemisphere is shown. The fraction that precipitates directly below the spacecraft is
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(a)
(b)
Figure 6.2.8: Typical distribution of particle ux at high energies at day-side polar regions. (a)
Shown here is the distribution for 7 MeV particles at ϕ = 60◦. (b) A close-up of latitude-longitude
distribution at the polar region of southern hemisphere (ϕ = 300◦) for 1 MeV particles. See Fig.
6.2.1 for colour scale used.
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Figure 6.3.1: Illustration of the detector on Mercury surface. Half-width of view cone (4θ) taken
to be 15◦, 30◦, 45◦, 60◦and 75◦. Actual half-width of view cone of particles impacting the surface
is 90◦, but the ux at the highest zenith angle is diminished by the usual cosine factor.
encouraging especially as far as MIXS objectives are concerned. We observe that some particles,
however, are deected by the eld back to the magnetopause. Unlike for higher energies, this
type of distribution is common for SIXS energy threshold at polar regions both day-side and
night-side.
6.3 Particle Flux at Mercury Surface
We will now examine the second simulation Run-B. Several parameters were changed for Run-
B, primarily the size of half-width of view cone. We experimented with ve dierent angles
(15◦, 30◦, 45◦, 60◦, 75◦) for half-width of view cone of this virtual detector placed on the surface
of Mercury. Wide view cones were considered as the actual view cone of particles impacting
the surface is 90◦ as illustrated in Fig. 6.3.1. However, larger the zenith angle (4θ) the smaller
the ux contribution, as average ux per unit area is directly proportional to cos(4θ). Energies
in the range of as low as 300 keV and as high as 7 MeV have been taken as injecting energy of
the particle population. We have eliminated panels of 'future' particles from the plots in this
section as in principle all particles will end up on the surface when the detection is carried out
at the surface. We essentially focus, therefore, on the particles that do precipitate.
Motivation for Run-B is two fold.
1. To distinguish if these particles originate at the surface or at the magnetopause and to
study the ux of particles of certain energy reaching the surface if they originate at the
magnetopause,
2. To nd out the propagation direction (angular distribution) at the magnetopause for those
particles, which initiated at the magnetopause and precipitated on to the surface.
SIXS has the ability to measure the angular distribution of protons and electrons in the solar
wind when the MPO is outside the magnetopause. This ability will be critical, especially when
attempting to both qualitatively and quantitatively connect any observable phenomenon with the
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Figure 6.3.2: Latitude-longitude maps with respect to originating point of particles when detector
is at 0◦ latitude and 0◦ longitude with half-width of view cone set to 75◦. In panels (a) and (b) red
dots represent particles originated from the surface while blue dots represent particles originated
from the magnetopause. Left panel (a) is the case for 1 MeV and right panel (b) is the case for
7 MeV protons. Distribution of particles initiating their propagation at the magnetopause can be
seen in the bottom plot of panel (b). In both panels, all particles that originated from the surface
are to the east of the detector. Panel (c) shows how these 7 MeV particles of panel (b) that
originated from the magnetopause are spread in 3D space. Note the blue dot at sub-solar point,
which correspond to point of precipitation on the surface.
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data from sister instrument MIXS. Further, SIXS-P can determine the directional distribution
of particle ux irrespective of its position in the orbit where solar wind is taken to be uniform
in space.
First we show results of a simulation run performed with an extremely wide 75◦ half width of
view cone at the sub-solar point. Fig. 6.3.2(a) clearly shows that total particle population of 1
MeV was originated from the surface itself. We see that it is distributed approximately between
positive and negative 25◦ latitude and along 5◦ to 18◦ longitude degrees. Particle detector is
placed at 0◦ latitude and 0◦ longitude in Fig. 6.3.2. All particles have originated from the east
of the detector and particle population density is not scattered as one would expect at lower
energies or even when compared to the distribution in Fig. 6.3.2(b).
Fig. 6.3.2(b) is the case for high-energy protons of 7 MeV with detector location unaltered. We
notice now a large portion of particles initiating their propagation at the magnetopause. Here
too the particles that originated from the surface seem to have originated from the east of the
detector. The denser area at the middle of the bottom panel of Fig. 6.3.2(b) indicates that
majority of the particles that precipitated, originated almost above the point of precipitation.
Fig. 6.3.2(c) shows, however, that some 7 MeV particles that originated from the magnetopause
have even travelled from the farthest points of the magnetopause. Particles that precipitated
on to the surface are the blue dots at sub-solar point. The spread of particles at the mag-
netopause certainly raises some questions that deserve further attention. We will analyse its
velocity distribution plot (see Fig. 6.4.1(b)) in the next section.
In Fig. 6.3.3, through a combination of plots we have shown the distribution patterns for dierent
parameters covering the northern hemisphere of Mercury. As mentioned in section 6.2, measuring
ux distribution at the polar regions is a key scientic interest as far as Mercury is concerned.
Panels (a) - (c) shows a comparison of day-side and night-side high latitudes whilst panel (d)
describes night-side mid latitude.
Fig. 6.3.3(a) shows the case for 7 MeV particles measured at northern latitude of 60◦with
the smallest half-width of view cone that we have employed (15◦). Again we see a smooth
distribution right above the point of precipitation, which happens to be the magnetic cusp area.
When compared with Fig. 6.2.8 of the preceding section, one can infer that at this level of high
energy all particles do get precipitated just beneath the point of origin. This observation is again
supported by the fact that the Larmor radii of these high energy particles are so large that they
have a rectilinear motion inside the simulation space.
On the exact opposite side of the planet, where the detector is completely enveloped by the
magnetic eld, entire particle population seems to propagate northward (see Fig. 6.3.3(b)). It
represent the case where strong compression and twisting of magnetic eld lines occur (ϕ =
120◦) with half-width of view cone set to 30◦and injecting energy to 1 MeV. Dierences in the
distribution scales of injected particles are clear in panels (a) and (b). The 7 MeV protons of
the the day-side have spread across the magnetopause covering a wider area than the 1 MeV
protons of night-side, which appears to be more densely packed. In contrast, 300keV protons
observed from the same location yet with a bigger view cone (75◦) dominate the distribution
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Figure 6.3.3: (a)- shows the case for 7 MeV particles when detector placed at 60◦N, 0◦with
15◦half-width of view cone. (b)- 1 MeV proton ux observed at ϕ = 120◦ with half-width of view
cone set to 30◦. Detector is at 60◦N, 180◦W. (c)- unique case for 300 keV with a 75◦ half-width
of detector view cone. Detector location is same as in panel (b). (d)- distribution of 1 MeV
particles when the detector is at 30◦N, 180◦W with a 30◦ half width of view cone. Refer to panels
(a) and (b) of Fig. 6.3.2 for a description of colour code used.
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area on the magnetopause compared to panel (b). The distribution scale, however, is not directly
proportional to the energy of the particle.
The unique case for 300 keV protons (below the energy threshold of SIXS) shown in Fig. 6.3.3(c)
describes an event in which particles originated from both the surface and magnetopause are
visible. Injected particle population is observed through a 75◦ half-width of detector view cone.
A larger fraction of particles are conned to a thin band at the magnetopause between 20◦− 35◦
latitude. As we see in the upper plot of Fig. 6.3.3(c), only a minute proportion of protons have
originated from the surface (red dots). These particles that have originated close to the detector
on the surface correspond to albedo particles.
The two plots shown in Fig. 6.3.3(d) compares the latitude-longitude distribution of the originat-
ing point of 1 MeV particles when the detector (half width of view cone set to 30◦) is at ϕ = 150◦.
This location on the surface is magnetically connected to the current sheet. The appearance of
albedo particles (red dots) at 1 MeV energy level is a distinguishing feature when compared to
Fig. 6.3.3(b). Comparing the distribution at the magnetopause in Fig. 6.3.3(d), a proton ux
band can be found spreading through almost hundred longitudinal degrees (180◦−80◦) and from
negative 20◦ to positive 20◦ on the latitude axis.
6.4 Mapping of Propagation Direction of Velocity
In this section, we review latitude-longitude distribution of propagation direction of velocity of
the energetic particles (protons from 300keV to 7MeV) that originated from the magnetopause
and nally precipitate on to the surface of Mercury. We focus mainly on day-side events, where
the magnetic eld faces the solar wind head-on. We will, however, compare special cases of the
night-side distribution at the northern hemisphere to provide an insight into the same physical
process under dierent conditions.
The asymptotic directions of the incident energetic protons (asymptotic-longitude vs. asymptotic-
latitude) in the simulation space, were calculated for particles entering the virtual detector at
locations specied in Run-B. Velocity data for the calculation were obtained through Run-B
corresponding to columns 18,19 and 20 of the output le described in Appendix I. These plots of
angular distribution of velocity in free space show the general direction that particles approach
the detector, in this case at known locations on the surface. When interpreting the following
results, since these gures are two-dimensional, one should note the rapid variation of the particle
distribution function in velocity space.
Fig. 6.4.1 compares the propagation direction of four instances at the day-side. The view cone
boundary is plotted with dashed lines to aid the eye. Analysis of day-side distribution showed
that no particle ux was present at the magnetopause for energies ≤1 MeV with respect to all
the angles of view cone employed at sub-solar point for Run-B.
Fig. 6.4.1(a) shows the propagation direction of 3 MeV protons entering the 15◦ half-width of
view cone at sub-solar point. An almost 90-degree deection in the propagation direction is seen
here.
6.4. MAPPING OF PROPAGATION DIRECTION OF VELOCITY 59
(a) (b)
(c) (d)
Figure 6.4.1: Typical angular distribution proles shown for (a) 3 MeV protons viewed through
a 15◦and (b) 7 MeV protons viewed through a 75◦ half-width of view cone at sub-solar point. (c)
300 keV particles viewed from ϕ = 60◦ through a 30◦ half-width of view cone and (d) 3 MeV
particles observed from ϕ = 60◦ through a 60◦ half-width of view cone. The boundary of the
virtual detector is marked with dashed lines.
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Clearly a wider view cone reveals more details as shown in Fig. 6.4.1(b), which corresponds to
a 75◦ half-width of view cone placed at the sub-solar point and simulated for 7 MeV particles.
The eects we are seeing in Fig. 6.4.1(b), however, are not entirely due to the size of the view
cone. We consider both 3 MeV and 7MeV as highly energetic particles, i.e., above the energy
threshold of SIXS. A rather peculiar ring of particles have appeared around 0 degree longitude in
Fig. 6.4.1(b), which was not seen in the 3 MeV case when viewed with a similar 75◦ half-width
of view cone. Propagation of particles suggest among other possibilities, that these particles
have entered a unique trajectory where they gyrate about the planet before precipitating at the
sub-solar point on the surface. This forms a special case as one would expect these very high
energetic particles to have a rather straight trajectory.
It means that highest energy particles are expected to follow their original directions in an
inhomogeneous magnetic eld. Yet, the seemingly large distribution across asymptotic longitudes
of 7 MeV protons in our static eld model calls for a proper physical explanation. The ux
distribution of the same particle population (especially the small particle populations in North
and South poles and at the tail of magnetosphere) presented in the corresponding 3D space
distribution in Fig. 6.3.2(c) may give us a hint about this unique trajectory.
Contrary to the observations made at the sub-solar point, at higher latitudes particle uxes of
even 300 keV protons are visible at the magnetopause as shown in Fig. 6.4.1(c), which correspond
to the data obtained at ϕ = 60◦ through a 30◦ half-width of view cone. Here the particles are
more collimated at the magnetopause because of mirroring (see Fig. 6.4.1(c)). On the other hand,
at the same latitudinal range we see a much diverse distribution of velocity for high energetic 3
MeV particles viewed through a 60◦ half-width of view cone (see Fig. 6.4.1(d)).
Directional distribution at northern latitudes for one million 300 keV particles is presented in
Fig. 6.4.2(a). This unique distribution pattern, where the asymptotic direction of the 300 keV
particles seems to be pointed straight down to the view cone, corresponds to the ux distribution
shown in the bottom panel of Fig. 6.3.3(c) of the preceding section. This low energetic particle
population observed at the northern polar region at ϕ = 120◦ with a 75◦ half-width of view cone
has followed a nearly rectilinear propagation along the eld lines.
A pattern very similar to Fig. 6.4.2(b) (ϕ = 120◦, half width of view cone = 30◦) was observed
in the night-side of the southern hemisphere of the planet (ϕ = 240◦).
Another interesting observation is the pattern of distribution for 1 MeV and 3 MeV particles
observed from mid latitudes of night-side (30◦N, 180◦W) with half-width of view cone set to
30◦ in Figs. 6.4.2(c) and (d) respectively. These panels portray the rich variety of velocity
distribution in the night-side of the planet.
Our results are preliminary but they do show a promising approach to interpret velocity distri-
bution of energetic particles in the Hermean magnetosphere.
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Figure 6.4.2: Latitude-longitude plots of velocity distribution for (a) one million 300 keV protons
viewed through a 75◦ half-width of view cone at ϕ = 120◦; (b) 1 MeV protons viewed through a
30◦ half-width of view cone from the same position as in panel (a); (c) 1 MeV and (d) 3 MeV
particles observed from ϕ = 150◦ through a 30◦ half-width of view cone.
Chapter 7
Summary and Discussion
The primary objective of the tasks carried out in relation to present work was to visualise and
analyse the implication of our magnetic eld model [13] to particle propagation characteristics
in an MPO like orbit. The work is a success. Yet, not surprisingly, doubts, questions, new
challenges, ideas for more work have sprung up.
We have presented results of a numerical simulation through which the propagation of energetic
protons inside the Hermean magnetosphere is explored. Particle ux distribution in 3D space
and their corresponding distribution in latitude-longitude maps and asymptotic propagation
direction of velocity have been our main focus. As noted previously, our rst objective was to
study the model that was previously used only for one location, through one full noon-midnight
orbit around the planet. It was achieved with two simulations Run-A and B; results of which
were presented in the preceding chapter.
The trajectories and ux of these particles reveal the eect of the magnetic eld by causing
footprints across the magnetopause and on the surface. Within the framework of this study,
several MATLAB
®
algorithms were used to analyse the data and project them in to three
dimensional and latitude-longitude maps. The methodology used in this respect is elaborated at
length in Appendix III.
Solar wind plasma and the exospheric thermal ions are two known origins of charged particles of
the day-side Hermean magnetosphere [70, 71]. However, SEPs are the main source of energetic
ions for SIXS. We have considered only protons to act as energetic particles and have omitted for
example, alpha particles, the other major ion constituent of solar wind, as the relative abundance
of alpha particles is only about 1-10%. Further, SIXS in actual orbit will not measure alpha
particles.
The relatively weak dipole magnetic moment of Mercury, which was discovered by Mariner 10
[72] and conrmed by recent MESSENGER data [50], and constant intensive solar wind streams
have made the Hermean magnetosphere very dynamic. Highly uctuating events such as the
sudden appearance of high energy particle uxes within a timescale of about a few seconds,
shown by Mariner 10 data speak for the strong dynamics of the Hermean magnetic eld [73].
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Mercury occupies a greater volume inside the spherical hull of our magnetic eld model if com-
pared with a similar boundary drawn for Earth. Thus, it creates signicantly dierent dynamics
of the motion of protons inside the Hermean magnetosphere with the sub-solar magnetopause
being at about 1.1 - 1.5R
M
from the planet's centre and the Larmor radii of protons being of
the order of the size of the Hermean magnetosphere [73]. Hence, the gradient drift with respect
to motion of protons in the Hermean magnetosphere is stronger than at the Earth [31, 74]. This
may also lead to a strong non-adiabatic motion of particles inside the Hermean magnetosphere
[73].
We have so far described the setting and background of the work. The profusion of statistical
data generated by Run-A and Run-B deserve equal attention. Let us begin with synthesis of
Run-A.
While presenting the results of Run-A, we have highlighted examples covering day-side, night-
side and polar regions. In general the fraction of particles deposited on the surface was higher
in day-side including the day-side polar regions.
The dierence observed in ux distribution at sub-solar point between 3 MeV and 1 MeV (Fig.
6.2.1 and Fig. 6.2.3) can be mainly attributed to albedo trajectories. The distribution shaped
like a thin curve at the magnetopause in Fig. 6.2.1(top-right panel) tells us that the magnetic
eld at the sub-solar point is able to deect high energy particles whilst the majority manage
to go right in and bombard the surface. Similar pattern was observed for 5 MeV particles, yet,
particle population deposit in its entirety on the surface was observed for 7 MeV particles.
The mirror symmetry visible in Fig. 6.2.4 (a) and (b) is an interesting revelation of the particle
ux at mid-latitudes. Reason for it is symmetry in magnetic eld lines. Note that here the 1
MeV test particles are injected from equidistant stations north and south of the sub-solar point.
Another interesting observation is particles originating from the surface and ending up to the
magnetopause, which we don't observe for energy levels > 3 MeV. However, at very high energy
levels (> 7 MeV) there is an indication of particles originating from the surface and bouncing back
to the surface. An open ux region that allows impacts of accelerated magnetosheath populations
over wide portions of the planet's surface at medium-high latitudes has been suggested due to
the location of Mercury's dayside magnetopause [37].
Polar regions of Mercury are not very well understood to date. Simulations at higher latitudes
are, therefore, of great interest for several reasons; specically,
 opportunity to understand the ux distribution where magnetic eld lines converge
 both MPO and MMO have a polar orbit
 precipitation characteristics at high impact auroral region, since one key scientic goal of
MIXS is to measure auroral emission (analysis of electron propagation is required for this
purpose)
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Night-side events in Run-A (e.g., Fig. 6.2.7) shows a rigid deection back to the magnetopause
even at energies of 7 MeV. Deection of this sort is an interesting result to observe at the polar
region of Mercury. It was observed, however, at ϕ = 120◦ and in many other cases in the
night-side, a considerable level of precipitation on the surface. Those precipitated uxes directly
beneath the spacecraft will be a great source for science performed on MIXS.
At Run-B we work in the broad frame-work of measurement of planetary uorescent X-ray
emission. The energy and intensity of incident solar X-rays and energetic particles determine the
intensity of X-ray uorescence emerging from dierent elements [16] on the planet's surface [11].
It is imperative that SIXS and MIXS have simultaneous measurements of the solar X-ray and
particle spectrum and planetary uorescent X-ray emission, which will then allow normalisation
of uorescence measurements in order to give a pronounced image of the surface [11].
The thin circular distribution at the centre of Fig. 6.4.1(b) is rather a puzzling result. One
hypothesis for this behaviour could be derived by studying the eld lines at the sub-solar point.
A minute fraction of high energy (7 MeV) particles may get drifted by the magnetic eld but
they are so energetic that instead of following the eld lines, enter in to a dierent trajectory
in which the particles travel almost around the planet. We have yet to approach those issues
related to the trajectory of the particles shown in Fig. 6.4.1(b). Our simulation model is suitable
and adequate for an analysis of velocity distribution to produce a physical representation of
the velocity distribution function, resolving the main features of the measured distributions.
Improving the simulation model to track the trajectory of a given particle, therefore, can be
vastly benecial.
In Figs. 6.4.1 and 6.4.2 we note that particles are more collimated at the magnetopause than at
the surface. This is the phenomenon of magnetic mirroring in which depending on their initial
velocity, particles are restricted to the region of space where the eect of the magnetic eld on
the particles is weakest [46].
Several other simulations (e.g., quasi-neutral hybrid model by Kallio and Janhunen [70]) reveal
the arguable nature of particle ux of the precipitation of solar wind protons and the need
for more comprehensible studies [75, 76, 77, 78]. Therefore, understanding physics of particle
propagation in Hermean magnetosphere is a daunting task for BepiColombo and so is a keyword
in its mission statement. As we elaborated in Chapter 3, SIXS particle spectrometer will be
suciently equipped to provide SEP ux densities, data for PIXE analysis, information on
energetic particle transport in the inner heliosphere among other valuable information and in
order to achieve that SIXS will have to monitor the particle uxes continuously even when it is
outside the Hermean magnetosphere [11].
Although Mercury environment is full of dynamics that we have not considered for the model,




We are in the nal few years before the launch of BepiColombo - a very important period.
Extensive and vigorous mission related studies, research, tests and re-tests are being carried out
all over the world with great passion and enthusiasm. The work of this thesis is but a pixel of
that bigger picture.
One of the main goals of the project presented herein was to study the energetic proton propaga-
tion inside the Hermean magnetosphere using a simulation model [13]. Observation of energetic
proton uxes and their variability in the Hermean environment is but one science task of SIXS-P
instrument on-board MPO of BepiColombo[11]. The orbit of MPO will be partly inside the
Hermean magnetosphere.
The study was completed by mapping energetic proton propagation inside the model Hermean
magnetosphere for one full MPO-like orbit. Latitude-longitude maps of the ux distribution as
well as three dimensional ux distribution gures, revealed important and interesting results.
A second simulation with a virtual surface skimming circular orbit was used to study the particle
ux distribution at the magnetopause . We have studied the ability of SIXS measurements to
produce estimates of particle uxes hitting the planetary surface below the spacecraft, which
are required for the successful analysis of uorescent X-ray emission from the surface. We have
as well determined the asymptotic directions of incident energetic protons, which represents its
direction of motion at the magnetopause.
Although considerable progress has been made as to the expectations of this simulation, we
emphasise the need to map the path of a given particle. The simulation model should be updated
so that it would be possible to trace and visualise the path of such a particle until it reaches
either boundary of the simulation space. This would allow one to draw more denite conclusions
on the nature of proton trajectories in the magnetosphere.
The numerical values for the magnetic eld is a direct substitution from 1975's Mariner-10 third
yby data. Therefore, by taking latest MESSENGER data into account, we can improve the
accuracy of the eld model.
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When a large number of particles (> 1000000) are simulated, a considerable time is taken to
return the output. The response time could possibly be enhanced, for example, by parallel
computation.
In the view of this preliminary study, the results suggest SIXS is capable of providing data
from targeted areas to perform relevant and specic tasks on MIXS as expected and planned.
However, in some points along the orbit, it might be dicult to link the measured particle uxes
with those precipitating below the spacecraft. This is because of strong deections observed to
be caused by the magnetic eld.
The BepiColombo mission will oer the scientic community an opportunity for studying in
detail the planet Mercury. SIXS, using a dedicated and sophisticated set of instruments, will
complement those scientic objectives. The instrument itself is a result of long research activity






Following is the help le written by Arto Sandroos of University of Helsinki [13] in regard to the
particle simulation algorithm used in the framework of this thesis.
- GENERAL -
Simulation is compiled by typing
> make mercury
After a successful compilation, simulation can be run by typing
> ./mercury <parameter le> <output le>
where <parameter le> is the name of the parameter le (see below) <output le> is the name of the
output le.
The output le contains the injection, future, and past states of each particle.
Here "future" means that the trajectory has been calculated forward in time, and "past" that the trajectory
has been calculated backwards in time.
The output le is in ASCII.
Per column, the contents are:
01 02 03 04 05 06 07 08 09 10
gi vxi vyi vzi t1 x1 y1 z1 g1 vx1
11 12 13 14 15 16 17 18 19 20
vy1 vz1 t2 x2 y2 z2 g2 vx2 vy2 vz2
Here,
i = injection state
1 = future state
2 = past state
t = exit time
g = gamma-factor
x,y,z = coordinates of the exit point
vx,vy,vz = components of the velocity
There are a few example parameter les:
./mercury params.txt o.txt
If o.txt is used as the name of the output le, there are gnu-plot macros that can be used to visualise the
results.
> gnuplot
gnuplot> load "gp_obs" gnuplot> load "gp_fobs"
The 3D plot can be rotated using mouse.
There is a very crude wire-frame model of the surface of the Mercury to aid the eye.
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BepiColombo's nadir and velocity vectors are drawn using long vectors, and the instrument directions are
drawn using shorter, numbered, vectors.
The future exit points are drawn using red symbols, and past exit points using green symbols. "gp_fobs"
is the same as "gp_obs", except that it also draws eld lines that have been calculated to lines.txt
(see below).
There are at the moment two magnetic eld congurations that can be used.
The selection between these is made at compile time, i.e., you need to edit the FIELD-parameter in the
Makele (either dipole.o or mirrordipole.o).
Alternatively, you can set the magnetic eld at the command line
> make mercury FIELD=dipole.o > make mercury FIELD=mirrordipole.o
It is also possible to calculate and print the trajectory of a single particle.
In this case one writes to the terminal
> make clean
> make mercury "CXXFLAGS=-DTRAJ"
The simulation is ran exactly in the same manner as above:
> ./mercury params_chaotic.txt o.txt
> ./mercury params_chaotic2.txt o.txt




The BepiColombo vectors and Hermean surfaces are drawn as explained above. The particle future and
past trajectories are drawn using a curve. NOTE: both the future and past trajectories are drawn
using the same colour! "gp_ftraj" is the same as "gp_traj", except that it also draws elds lines from
"lines.txt" (see below).
The output le has a dierent format in this case.
It is as follows:
1 2 3 4 5 6 7 8 9 10
t x y z vx vy vz Bx By Bz
The two example parameter les should show chaotic orbits of ~300 keV protons.

INPUT PARAMETERS FOR THE SIMULATION

RandomNumbers
seed A negative integer, seed value for the random number generator. If not given, seed is calculated from
system clock.
Dipole
B_pole_reference(T) - Magnitude of the magnetic eld, in Teslas, at the poles of the dipole.
R_pole(km) - Distance from dipole origin to the pole where B_pole_reference(T) is specied, in km. If
MERCURY is given, the Hermean equatorial radius is used.
x_ori,y_ori,z_ori - These denes the orientation of the dipole moment, positive pole is to the direction
of this vector. This does not need to be a unit vector, it will be normalised to unity.
oset_angle(deg) - The Hermean dipole moment does not reside at the centre of the planet. This denes
the angle between the dipole origin and x-axis, in the xy-plane.
oset(km) - The distance between the centre of Mercury and the dipole origin, in km. The dipole origin
will be (r cos(a),r sin(a), 0), where r is the value given here, and a is the oset_angle(deg).
minradius(hermean) - Minimum allowed radius for the particles. If r <= radius, the particle is removed
from the simulation.
maxradius(hermean) - Maximum allowed radius for the particles. If r >= radius, the particle is removed
from the simulation.
Injector
Instrument - The number of the instrument (1-5) that should be used in the simulation. Only the particles
that have entered this instrument will be calculated.
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conehalfwidth(deg) - Half width of the observation cone of the chosen instrument, in degrees.
particles(int) - Number of simulated particles.
q(elementary) - Charge of the simulated particles, in elementary charges (proton charge = 1.0 etc). 1
m(protons) Mass of the simulated particles, in proton masses.
energy_min(keV) - Minimum energy of the simulated particles, in keV.
energy_max(keV) - Maximum energy of the simulated particles, in keV. Must be > energy_min(keV).
pwrlawindex - Particles are injected using a power law distribution. This is the power law index.
x_spacecraft(km), y_spacecraft(km), z_spacecraft(km) - Coordinates of the injection position, i.e., coor-
dinates of the spacecraft, in km.
x_velocity, y_velocity, z_velocity - A vector pointing to the direction of the spacecraft velocity. Currently
this vector must lie in the xz-plane. The nadir direction is dened to be orthogonal to this vector in
xz-plane also, and point towards Mercury.
Velocity and nadir vectors are used to construct an orthogonal basis, where the z'-axis is the nadir direction,
x'-axis is to the direction of the velocity, and y'-axis completes the set.
Instrument #1 will point to the opposite direction from the nadir vector.
Instruments #2-#5 will lie in the x'y' -plane.
MirrorDipole
B0_pole_reference(T) - A reference value for the planetary dipole eld at the poles of the planetary dipole
eld.
R0_pole(hermean) - Distance from the planetary dipole moment to the poles in hermean radii. This value,
together with B0_pole_reference(T), are used to calculate the dipole moment of the planetary dipole.
tiltangle(deg) - The tilt angle of the planetary dipole in the yz-plane, in degrees. The mirror dipole will
have the same tilt angle.
B1_pole_reference(T) - A reference value for the mirror dipole eld at the poles of the mirror dipole eld.
R1_pole(hermean) - Distance from the mirror dipole moment to the poles in hermean radii. See R0_pole(hermean).
mirrordipole_distance(hermean) - The distance between the centre of Mercury and the mirror dipole
moment along the x-axis, in hermean radii. In other words, the origin of the mirror dipole is at
coordinates (x,0,0), where x is the value of this parameter.
minradius(hermean) - Minimum allowed radius for the particles. If r <= radius, the particle is removed
from the simulation.
maxradius(hermean) - Maximum allowed radius for the particles. However, the origin of this "exit sphere"
is not at the centre of the planet, but at the coordinates specied below. x_maxradius(hermean)
x-coordinate of the centre of the outer "exit sphere".
y_maxradius(hermean) - y-coordinate of the centre of the outer "exit sphere".
z_maxradius(hermean) - z-coordinate of the centre of the outer "exit sphere".
Simulation
maxtime_per_dt - Maximum simulation time for each particle, in time steps. The time step is calculated
in the simulation. If this simulation time is reached, the particle will be discarded.
saveinterval_dt - Denes the interval the trajectory of the particle is written into the output le. This
parameter is used only when the simulation has been compiled with the -DTRAJ option (see above).
CALCULATION OF FIELD LINES FOR THE GNUPLOT VISUALISATION
There is a very crude and barbaric program that will calculate some eld lines to an ascii le, which can
then be included in gnuplot visualisation. First, it needs to be compiled with
> make ines
Make sure that in the Makele the value of the FIELD parameter is the same that has been used when
compiling the particle mover simulation, or otherwise the eld lines are calculated from a dierent
magnetic eld :)
NOTE: If you change the parameters of the magnetic eld in the mercury-simulation, you also need to
rerun ines!
If you do not want to edit the Makele, you can also set it as
> make ines FIELD=dipole.o
> make ines FIELD=mirrordipole.o
The program itself is run by typing
> ./ines <tilt angle> <N_theta> <N_phi> <parameter le> > lines.txt
where;
72 CHAPTER 8. CONCLUSIONS AND OUTLOOK
<tilt angle> - is a tilt angle that is used when calculating the starting points for each eld line. Suggestion
is to use the same value that has been used for the magnetic eld in the parameter le.
<N_theta> - Number of theta values used.
<N_phi> - Number of phi values used. The total number of calculated eld lines is N_theta * N_phi.
<parameter le> - Name of the parameter le for the mercury-simulation, this is needed to set the same
parameters for the magnetic eld that have been used in the mercury simulation.
Example:
> ./ines 14.0 3 4 params.txt > lines.txt
Appendix II
The orbital stations at which the simulation was run are presented here. Information pertaining
to Run-A of the simulation is given in Table A1.1 while the same for Run-B is given in Table
A1.2. vx and vz are respective components of velocity of x and z axes.
Table A1.1: Orbital stations corresponding to Run-A of the simulation.
Angle(ϕ) x[km] z[km] vx vz
0
◦
2840 0 0 -1
30
◦
2506.4 1447.1 0.5 -0.86603
60
◦
1526.5 2644.1 0.86603 -0.5
90
◦
0 3300.8 1 0
120
◦
-1796.1 3110.9 0.86603 0.5
150
◦
-3325.8 1920.2 0.5 0.86603
180
◦
-3940 0 0 1
210
◦
-3325.8 -1920.2 -0.5 0.86603
240
◦
-1796.1 -3110.9 -0.86603 0.5
270
◦
0 -3300.8 -1 0
300
◦
1526.5 -2644.1 -0.86603 -0.5
330
◦
2506.4 -1447.1 -0.5 -0.86603
Table A1.2: Orbital stations corresponding to Run-B of the simulation.
Angle(ϕ) x[km] z[km] vx vz
0
◦
2440.00 0 0 -1.00
30
◦
2113.10 1220.00 0.50 -0.87
60
◦
1220.00 2113.10 0.87 -0.50
90
◦
0 2440.00 - -0.00
120
◦
-1220.00 2113.10 0.87 0.50
150
◦
-2113.10 1220.00 0.50 0.87
180
◦
-2440.00 0 0 -
210
◦
-2113.10 -1220.00 -0.50 0.87
240
◦
-1220.00 -2113.10 -0.87 0.50
270
◦
0 -2440.00 -1.00 0
300
◦
1220.00 -2113.10 -0.87 -0.50
330
◦








routine to calculate Cartesian coordinates
This short MATLAB
®
routine is helpful to calculate the Cartesian coordinates of the position of MPO.
The orbital ellipse with the periherm on the subsolar side can be given in polar coordinates (r,phi) in the xz plane
(with phi measured from the Mercury-Sun line towards north) as (1) r = p/(1+eps * cos(phi))
where
(2) eps = c/a
(3) p = a * (1-eps^2)
with
(4) a = 3390 km (5) c = 550 km.
The polar coordinates are related to the Cartesian ones as
(6) x = r * cos(phi) (7) z = r * sin(phi)
Thus, using these equations, you can calculate the Cartesian coordinates of the position of the MPO S/C for a
set of values of phi between 0 and 360 degrees, e.g., with 30 degree separation.
For the other orbit in the xz-plane (with the apoherm on the subsolar side) replace eps with -eps in Eq. (1).
NOTE: 'y' component is held constant at the time of writing due to constraints of the available code.
a=2440;
c=550; - If you want to move the SC just above the surface of Mercury for a circular orbit change
the value of c to 0(zero).
for phi = 0:30:360;
r=(a*(1-(c/a)^2))/(1+(c/a)*cos (phi*pi/180));
x=r*cos (phi*pi/180);







If you would like to print results to a text le following syntax can be used.
results = [x; z; vx; vz];
fid = fopen('Cartesian_coordinates.txt','wt');
fprintf(fid,'cartesian coordinates \n\n'); - header
fprintf(fid, '%6s\t%6s\t%6s\t%6s\t\n', 'x', 'z', 'vx', 'vz');





routine to generate a 3d plot of the generated data
This 3d plot can be rotated, zoom-in and zoom-out and is clearer and faster than gnuplot (eciency is inversely
proportional to number of particles).
Directory name "phi300-7MeV" means SC is at an angle of 300 degrees with respect to the zenith and particle
projection energy is of the range of 7MeV. Directory name "phi0_15_1" means SC is at an angle of 0 degrees with
respect to the zenith and cone-half-width is 15 degrees and particle projection energy is of the range of 1MeV.
For altitude of the SC please refer to injector data in "params.txt" in corresponding directory.
close all - close all command is helpful especially when running a series of tests where you have to
close the previous gure in order to run the next one. (otherwise MATLAB
®
tries to plot on
the same gure and it can create some confusion. Instead one can use MATLAB
®
command
'gure' to create multiple gures)
A simple model of mercury surface is created using data from "spher.txt" to aid the eye.
load spher.txt;
K = convhulln(spher);
trisurf(K,spher(:,1)*0.99,spher(:,2)*0.99,spher(:,3)*0.99); - We multiply by (0.99) to re-
duce the size of the sphere as later in our tests we realised that MATLAB
®
plots some of the




A very crude visualisation of magnetic eld lines
1







load o.txt; - particle location based on the output le o.txt with columns 6:7:8 as 'future'and
columns 14:15:16 as 'past'. Values are in Mercury radii.
x1 = o(:,6);
1
For more information about magnetic eld conguration and eld line generation of the model please refer
to Appendix I.


















Satellite view-cone can be plotted using "sat.txt" but was omitted as this code is made to work with a known
location of the SC.
3. MATLAB
®
routine to plot longitude-latitude maps
The following MATLAB
®
routine plots the general longitude-latitude distribution of particles.
Directory name "phi300-7MeV" means SC is at an angle of 300 degrees with respect to the zenith and particle
projection energy is of the range of 7MeV. Directory name "phi0_15_1" means SC is at an angle of 0 degrees with
respect to the zenith and cone-half-width is 15 degrees and particle projection energy is of the range of 1MeV.
For altitude of the SC please refer to injector data in "params.txt" in corresponding directory.
a = 2439000; - Mercury radius in metres
ar = a*1.1; - reference radius to distinguish between particles that end up either on surface of
magnetopause
load o.txt; - particle location based on the output le o.txt with columns 6:7:8 as 'future' and
columns 14:15:16 as 'past'

















plotting of future particles that end up on surface;
hold off
subplot1 = subplot(2,2,1);
spf = (rf < ar);
mlatlonalt(x1(spf), y1(spf), z1(spf),'.b'); - mlatlonalt
2




title('Particles on surface - future');
hold on
plotting of future particles that end up on magnetopause;
subplot2 = subplot(2,2,2);




title('Particles on magnetopause - future');
plotting of particles that end up on surface;
subplot3 = subplot(2,2,3);




title('Particles on surface - past');
plotting of particles that end up on magnetopause;
subplot4 = subplot(2,2,4);




title('Particles on magnetopause - past');
Below syntax can be used to print gure(s) directly to working directory.
Refer 'saveas' in MATLAB
®
help for syntax information. One needs to be careful when executing this command
as it would automatically replace existing les in the current directory with the same name without prior warning.
set(gcf,'PaperUnits','centimeters','PaperPosition',[0 0 12.7 9.2]);
saveas(gcf,'latitude_longitude_map.eps', 'psc2')
2
Refer section 4 of Appendix III for more information.
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4. MATLAB
®
function used for conversion of coordinates and plot longitude-latitude maps
Following function is used to convert and plot spherical coordinates of particles (and their respective velocity
components in asymptotic directions study) to their corresponding latitude and longitude distribution. ==In-
puts==
x,y,z - coordinates of the particle exit point. x,y,z can be replaced by vx, vy, vz (components of velocity) when
necessary.
dc - Used to express style and colour of the particle. (e.g if particles are to be plotted with red dots use '.r')
Function should be added to MATLAB
®
search path so that MATLAB
®
can use it to perform other routines
where 'mlatlonalt' is required. Refer MATLAB
®
help le for 'addpath' for more information. Alternatively you
can save a copy of this function in every working directory.
In addition the function is able to determine altitude as well.
function [lat,lon,alt] = mlatlonalt(x,y,z,dc)





return longitude in range (0,2*pi);
lon = mod(lon,2*pi)*180/pi; % - Use in the nightside
lon = lon*180/pi; % - Use in the dayside
alt = sqrt(z.^2+p.^2)-a; - Altitude
plot(lon, lat, dc)
xlim([0 360]); - % Use in the night-side
xlim([-180 180]); - % Use in the dayside
ylim([-90 90]);
set(gca,'XTick',0:45:360); - % Use in the night-side





routine to plot latitude-longitude maps(advanced)
The following MATLAB
®
routine plots the longitude-latitude distribution of particles and categorise them
according to their fate in time.(i.e if they will end up on the surface or follow a trajectory back to magnetopause.)
Directory name "phi300-7MeV" means SC is at an angle of 300 degrees with respect to the zenith and particle
projection energy is of the range of 7MeV. Directory name "phi0_15_1" means SC is at an angle of 0 degrees with
respect to the zenith and cone-half-width is 15 degrees and particle projection energy is of the range of 1MeV.
For altitude of the SC please refer to injector data in "params.txt" in corresponding directory.
==Colour coding==
Green - Particles that were originated from the surface and end-up on the surface.
Yellow - Particles that were originated in the magnetopause and end-up on the surface.
Blue - Particles that were originated from the surface and end-up in the magnetopause.
Red - Particles that were originated in the magnetopause and end-up in the magnetopause.
Here 'originated' means the exit point of the particle trajectory calculated backwards in time when simulation is
run.
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a = 2439000 - Mercury radius in metres
<ar = a*1.1- reference radius to distinguish between particles that end up either on surface of
magnetopause
load o.txt; - particle location based on the output le o.txt with columns 6:7:8 as 'future' and
columns 14:15:16 as 'past'
















plotting of future particles that end up on surface;
hold off
subplot1 = subplot(2,2,1);
spf = ((rf < ar)&(rp < ar));
mlatlonalt(x1(spf), y1(spf), z1(spf),'.g'); - mlatlonalt
2




title('Particles on surface - future');
hold on
spf = ((rf < ar)&(rp > ar));
mlatlonalt(x1(spf), y1(spf), z1(spf),'.y');
plotting of future particles that end up on magnetopause;
subplot2 = subplot(2,2,2);
mpf = ((rf > ar)&(rp < ar));
mlatlonalt(x1(mpf), y1(mpf), z1(mpf), '.b');
xlabel('longitude');
ylabel('latitude');
title('Particles on magnetopause - future');
hold on> <mpf = ((rf > ar)&(rp > ar));
mlatlonalt(x1(mpf), y1(mpf), z1(mpf), '.r');
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plotting of past particles that originated from surface;
subplot3 = subplot(2,2,3);
spp = ((rp < ar)&(rf > ar));
mlatlonalt(x2(spp), y2(spp), z2(spp), '.b');
xlabel('longitude');> <ylabel('latitude');
title('Particles on surface - past');
hold on
spp = ((rp < ar)&(rf < ar));
mlatlonalt(x2(spp), y2(spp), z2(spp), '.g');
plotting of past particles that originated from magnetopause;
subplot4 = subplot(2,2,4);
mpp = ((rp > ar)&(rf > ar));
mlatlonalt(x2(mpp), y2(mpp), z2(mpp), '.r');
xlabel('longitude');
ylabel('latitude');
title('Particles on magnetopause - past');
hold on> <mpp = ((rp > ar)&(rf < ar));
mlatlonalt(x2(mpp), y2(mpp), z2(mpp), '.y');
6. MATLAB
®
routine to analyse asymptotic directions
The following MATLAB
®
routine helps to analyse the asymptotic directions of particles. Directory name
"phi300-7MeV" means SC is at an angle of 300 degrees with respect to the zenith and particle projection energy
is of the range of 7MeV. Directory name "phi0_15_1" means SC is at an angle of 0 degrees with respect to the
zenith and cone-half-width is 15 degrees and particle projection energy is of the range of 1MeV.
a = 2439000; - Mercury radius in metres
ar = a*1.1;- reference radius to distinguish between particles that end up either on surface of
magnetopause
load o.txt; - particle location based on the output le o.txt with columns 6:7:8 as 'future' and
columns 14:15:16 as 'past'













plotting of latitude-longitude maps of particles that are originating from the magnetopause.
mpp = (rp > ar);
mlatlonalt(vx2(mpp), vy2(mpp), vz2(mpp), '.m'); - mlatlonalt
2
is the function we use to cal-
culate longitude and latitude.
xlabel('longitude');> <ylabel('latitude');
title('Lat-Lon distribution of velocity of particles originated at the magnetopause');
7. MATLAB
®
routine to plot latitude-longitude maps when SC close to surface
The following code plots the longitude-latitude distribution of particles. (Since the SC is assumed to be closer to
the surface, gures of 'future' particle distribution is ignored) Directory name "phi300-7MeV" means SC is at an
angle of 300 degrees with respect to the zenith and particle projection energy is of the range of 7MeV. Directory
name "phi0_15_1" means SC is at an angle of 0 degrees with respect to the zenith and cone-half-width is 15
degrees and particle projection energy is of the range of 1MeV.
For altitude of the SC please refer to injector data in "params.txt" in corresponding directory.
a = 2439000; - Mercury radius in metres
ar = a*1.1; - reference radius to distinguish between particles that end up either on surface of
magnetopause
load o.txt; - particle location based on the output le o.txt with columns 6:7:8 as 'future' and
columns 14:15:16 as 'past'








plotting of past particles that originated from surface
hold off
subplot1 = subplot(2,2,1);
spp = (rp < ar);
mlatlonalt(x2(spp), y2(spp), z2(spp),'.r');- mlatlonalt
2




title('Particles on surface - past');
hold on
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plotting of particles that originated from magnetopause;
subplot2 = subplot(2,2,2);








Orbit Mercury(M) Earth(E) M/E
Semi-major axis (106 km) 57.9 149.6 0.387
Perihelion (106 km) 46.0 147.1 0.313
Aphelion (106 km) 69.8 152.1 0.459
Eccentricity 0.2056 0.0167 12.311
Inclination to ecliptic (deg) 7.00 0.00 −
Mean orbital velocity (m/s) 47.89 29.79 1.608
Sidereal orbital period (days) 87.969 365.256 0.241
Synodic period (days) 115.88 − −
Sidereal rotation period (h) 1407.6 23.9345 58.785
Obliquity to orbit(deg) −0.1 23.44 0.00
Table A4.2
Magnetosphere Mercury(M) Earth(E) M/E
Magnetic eld >dipole moment(Tm3) ∼ 5 · 1012 ∼ 8 · 1015 ∼ 0 · 0006
>at equator surface(nT ) ∼ 3 · 102 ∼ 3 · 104 ∼ 0 · 01
>at polar surface(nT ) ∼ 6 · 102 ∼ 6 · 104 ∼ 0 · 01
Atmosphere>at dayside surface(cm−3) ∼ 106 ∼ 3 · 1019 ∼ 10−13
>ionosphere[F-layer](cm−3) −−− ∼ 2 · 106 −−−
>composition O,Na,He, K,H,Ca N2, O2, Ar −−−
Solar wind >velocity(km/s) ∼ 430 ∼ 430 ∼ 1
>density(cm−3) ∼ 73− 32 ∼ 7 ∼ 10−5
>magnetic eld(nT ) ∼ 46− 21 ∼ 6 ∼ 8− 4
>Alfvén velocity(km/s) ∼ 120− 80 ∼ 50 ∼ 2.4− 1.6
Magnetopause distance(subsolar) ∼ 1.4RM ∼ 10RE ∼ 0.15
Bow shock distance(subsolar) ∼ 2RM ∼ 15RE ∼ 0.15
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Table A4.3
Body Mercury(M) Earth(E) M/E
Mass (1024 kg) 0.3302 5.9736 0.055
Volume(1010 km3) 6.085 108.321 0.056
Equatorial radius(km) 2440 6378 0.38
Ellipticity 0.0000 0.0034 0.000
Mean density(g/cm3) >absolute 5.427 5.520 0.983
>uncompressed 5.3 4.1 1.3
Equatorial surface gravity(m/s2) 3.70 9.78 0.378
Escape velocity(km/s) 4.3 11.2 0.384
GM (106 kg3/s2) 0.02203 0.3986 0.0553
Moment of inertia(C/MR2) 0.33 0.3308 0.998
Bond albedo 0.056 0.385 0.145
Visual geometric albedo 0.11 0.367 0.300
Visual magnitude(V (1, 0)) −0.42 −3.86 −
Solar irradiance(W/m)>at perihelion 14490 1418 9.786
>at aphelion 6290 1326 4.743
Black-body temperature(K) 442.5 247.3 1.789
>maximum ∼ 700 ∼ 400 −
>minimum ∼ 100 ∼ 200 −
Source: Y. Kasaba, ISAS/JAXA
Bibliography
[1] BepiColombo mission to Mercury ISAS/JAXA, web page,
http://www.stp.isas.jaxa.jp/mercury/p_intro.html [Retrieved 27.06.2010].
[2] BepiColombomission to Mercury ESA, web page,http://sci.esa.int/science-e/www/area/index.cfm?fareaid=30
[Retrieved 28.09.2010].
[3] Vainio R, Personal Communication.
[4] Balogh A et al, Missions to Mercury, 2007 [Space Sci Rev 132: 611645].
[5] Mercury, web page, http://nineplanets.org/mercury.html [Retrieved 24.08.2010].
[6] Harmon J K, Radar Imaging of Mercury, 2007 [Space Sci Rev 132: 24, doi:10.1007/s11214-
007-9234-y].
[7] Ksanfomality L et al, Earth-Based Visible and Near-IR Imaging of Mercury, 2007 [Space
Sci Rev 132: 24, doi:10.1007/s11214-007-9290-3].
[8] Balogh A et al, Mercury, 2007 [Space Sci Rev 132: 24, doi:10.1007/s11214-007-9293-0].
[9] MESSENGER, web page, http://www.nasa.gov/mission_pages/messenger/main/index.html
[Retrieved 15.08.2010].
[10] Benkho J et al, BepiColombo-Comprehensive exploration of Mercury: Mission overview
and science goals, 2010 [Planet. Space Sci., 58, 2  20].
[11] Huovelin J et al, Solar Intensity X-ray and particle Spectrometer (SIXS), 2009 [Planet.
Space Sci., doi:10.1016/j.pss.2008.11.007].
[12] Sarantos M, Rei P H, Hill T W, Killen R M, Urquhart A L, A Bx interconnected magne-
tosphere model for Mercury, 2001 [Planet. Space Sci., 49, 1629  1635].
[13] Vainio R et al, Modelling of energetic protons in Hermean magnetosphere, 2009 [EGU Gen-
eral Assembly 2009, Vol. 11, EGU2009-5066-1].
[14] Sumer, web page, http://en.wikipedia.org/wiki/Sumer [Retrieved 05.10.2010].
[15] Tetsuya S, Hiroshi M, Computer simulation of space plasmas, 1985 [ISBN: 90-277-1952-7,
TERRAPUB].




[17] NASA-Mercury Fact Sheet, web page, http://nssdc.gsfc.nasa.gov/planetary/factsheet/mercuryfact.html
[Retrieved 05.07.2010].
[18] Balogh A, Giampieri G,Mercury: the planet and its orbit, 2002 [Rep.Prog.Phys. 65 529-560].
[19] Blomberg L G et al, Plasma Waves in the Hermean Magnetosphere, 2007 [Space Sci Rev
132:2-4].
[20] Mercury, web page, http://www.crystalinks.com/mercury.html, [Retrieved 14.10.2010].
[21] To See the Unseen, web page, http://history.nasa.gov/SP-4218/ch5.htm [Retrieved
24.08.2010].
[22] Prockter L M, Ice in the solar system, 2005 [Johns Hopkins APL Technical Digest, Volume
26, Number 2].
[23] Milillo A et al, Surface-Exosphere-Magnetosphere system of Mercury, 2005 [Space Sci Rev
117: 3-4, pp. 397-443].
[24] Killen R M, Potter A E, Rei P, Sarantos M, Jackson B V, Hick P, Giles B, Evidence for
space weather at Mercury, 2001 [J. Geophys Res., 106(E9), 20,509  20,526].
[25] Killen R M, Sarantos M, Space weather at Mercury, 2004 [Adv. Space Res, Volume 33, Issue
11, p. 1899-1904].
[26] Benz W et al, The Origin of Mercury, 2007 [Space Sci Rev 132: 189202 doi 10.1007/s11214-
007-9284-1].
[27] Wurz P, Particle Populations in Mercury's Magnetosphere, 2001 [Planet. Space Sci., 49,
1643  1653].
[28] Delcourt D C, Moore T E, Orsini S, Milillo A, Sauvaud J A, Centrifugal acceleration of ions
near Mercury, 2002 [Geophys. Res. Lett., 29(12), doi:10.1029/2001GL013829].
[29] Goldstein B E, Suess S T, Walker R J, Mercury: Magnetospheric processes and the atmo-
spheric supply and loss rates, 1981 [J. Geophys Res., 87(A7), 5485  5499].
[30] Killen R M, Ip W H, The surface-bounded atmospheres of Mercury and the Moon, 1999 [Rev.
Geophys., 37, 361  406].
[31] Delcourt D C et al, A quantitative model of the planetary Na+ contribution to Mercury's
magnetosphere, 2003 [Ann. Geophys. 21, 1723].
[32] Mura A, Wurz P, Lichtenegger H I M, Lammer H, Milillo A, Schleicher H, Massetti S, Orsini
S, The sodium exosphere of Mercury: Comparison between observations during Mercury's
transit and model results, 2008 [10.1016/j.icarus.2008.11.014].
[33] Solomon S C, Mercury: the enigmatic innermost planet, 2003 [Earth and Planetary Science
Letters 216 441-455].
[34] Rothery D et al, Mercury's surface and composition to be studied by BepiColombo, 2008
[Planet. Space Sci., doi:10.1016/j.pss.2008.09.001].
[35] Margot J L et al, Large Longitude Libration of Mercury Reveals a Molten Core, 2007 [Science
316, 710; doi: 10.1126/science.1140514].
BIBLIOGRAPHY 87
[36] Russell C T, A study of ux transfer events at dierent planets, 1995 [Adv. Space Res. Vol.
16, No. 4, pp. (4)159-(4)163].
[37] Slavin A J et al, Mercury's Magnetosphere After MESSENGER's First Flyby, 2008 [Science
321, 85; doi: 10.1126/science.1159040].
[38] Fujimoto M et al, Hermean Magnetosphere-Solar Wind Interaction, 2007 [Space Sci Rev
132:2-4].
[39] Mercury: Magnetic Field and Magnetosphere, web page,
http://www-ssc.igpp.ucla.edu/personnel/russell/papers/merc_mag/ [Retrieved
01.10.2010].
[40] Trávnícek P M et al, Mercury's magnetospheresolar wind interaction for northward and
southward interplanetary magnetic eld: Hybrid simulation results, 2010 [Icarus 209 1122].
[41] Holmström M, Barabash S, and Kallio E, X-ray imaging of the solar wind-Mars interaction,
2001 [Geophys. Res. Lett., 28, 1287-1290].
[42] Jupiter: Magnetic Field and Magnetosphere, web page,
http://www-ssc.igpp.ucla.edu/personnel/russell/papers/jup_mag/, [Retrieved 11.11.2010].
[43] Connerney J E P, Ness N F, Mercury's magnetic eld and interior, in Mercury 1988 [(eds
F. Vilas, C. R. Chapman and M. S. Matthews), Tucson: University of Arizona Press, pp.
494-513].
[44] Sandroos A and Vainio R, Particle acceleration at shocks propagating in inhomogeneous
magnetic elds, 2006 [A&A 455, 685-695(2006)].
[45] Zurbuchen T H et al, On the space environment of Mercury, 2004 [Advances in Space
Research 33, 18841889, doi:10.1016/j.asr.2003.04.048].
[46] Dendy R O, Plasma Dynamics, 1990 [Oxford University Press, New York].
[47] Kabin K, Gombosi T I, DeZeeuw D L, Powell K G, Interaction of Mercury with the solar
wind, 2000 [Icarus, 143, 397  406].
[48] Potter A E, Killen R M, Morgan T H, Rapid changes in the sodium exosphere of Mercury,
1999 [Planet. Space Sci., 47, 1441  1448].
[49] Leblanc, F., J. G. Luhmann, R. E. Johnson, and M. Liu, Solar energetic particle event at
Mercury, 2003 [Planet. Space Sci., 51, 339  352, doi: 10.1016/ S0032-0633(02)00207-6].
[50] Anderson B J et al, The Structure of Mercury's Magnetic Field from MESSENGER's First
Flyby, 2008 [Science 321, 82; doi: 10.1126/science.1159081].
[51] Lukyanov A V, Barabash S, Lundin R, Brandt P C:son, Energetic neutral atom imaging of
Mercury's magnetosphere 2. Distribution of charged particles in a compact magnetosphere,
2001 [Planet. Space Sci., 49, 1677  1684].
[52] Ogilvie K W, Scudder J D, Vasyliunas V M, Hartle R E, Siscoe G L, Observations at the
planet Mercury by the plasma electron experiment: Mariner 10, 1977 [J. Geophys Res., 83,
1807  1824].
[53] Baumjohann W et al, The magnetosphere of Mercury and its solar wind environment: Open
issues and scientic questions, 2006 [Advances in Space Research 38 604609].
88 BIBLIOGRAPHY
[54] Denevi B W et al, The Evolution of Mercury's Crust: A Global Perspective from MESSEN-
GER, 2009 [Science 324, 613; doi: 10.1126/science.1172226].
[55] Giuseppe Colombo, web page, http://cisas.unipd.it/Colombo_e.php, [Retrieved
18.11.2010].
[56] BepiColombo - SIXS, Engineering Plan, 2008 [Doc. No.: BC-SIX-PL-00003].
[57] BepiColombo - SIXS, Scientic and Technological Plan, 2004 [Doc. No.: BC-UH-SXS-PL-
001].
[58] Lang K R, The Sun from Space, Springer (2001).
[59] Koskinen H and Vainio R, Solar Physics - lecture notes, 2009 [University of Helsinki].
[60] Vainio R et al, An overview of the physics of the Earth's radiation environment, in: J.
Lilensten, A. Belehaki, M. Messerotti, R. Vainio, J. Watermann, and S. Poedts (eds.),
Developing the Scientic Basis for Monitoring, Modelling and Predicting Space Weather,
2008 [COST Oce, Brussels, 99].
[61] Reames D V, Particle Acceleration at the Sun and in the Heliosphere, 1999 [Space Science
Reviews 90: 413491].
[62] Reames D V, Energetic Particles from Solar Flares and Coronal Mass Ejections, 1996 [Vol-
ume 374, pp. 35-44, AIP Conf. Proc.].
[63] Magnetic ux, web page, http://www.scholarpedia.org/article/Magnetic_ux_emergence,
[Retrieved 11,01,2011].
[64] Vainio R et al, Interplanetary and Interacting Protons Accelerated in a Parallel Shock Wave,
2000 [The Astrophysical Journal, 528:1015-1025].
[65] Reames D V, Magnetic Topology of Impulsive and Gradual Solar Energetic Particle Events,
2002 [The Astrophysical Journal, 571:L63L66].
[66] Fraser G W et al, The mercury imaging X-ray spectrometer (MIXS) on BepiColombo, 2009
[Planet. Space Sci., doi:10.1016/j.pss.2009.05.004].
[67] Ip W H, Dynamic of electrons and heavy ions in Mercury's magnetosphere, 1987 [Icarus, 17,
441  447].
[68] Milillo A et al, The BepiColombo Mission: An outstanding tool for investigating the Hermean
environment, 2009 [Planet. Space Sci., doi:10.1016/j.pss.2008.06.005].
[69] Steckling M, BepiColombo, Industrial presentation, 2006 [Athens, Greece].
[70] Kallio E, Janhunen P, Modelling the solar wind interaction with Mercury by a quasineutral
hybrid model, 2003 [Annales Geophysicae 21: 21332145 ].
[71] Kallio E, Janhunen P, The response of the Hermean Magnetosphere to the interplanetary
magnetic eld, 2004 [Adv. Space Res, Volume 33, Issue 12, p. 2176-2181].
[72] Luhmann J G, Russell C T, Tsyganenko N A, Disturbances in Mercury's magnetosphere:
Are Mariner 10 ``substorms'' simply driven?, 1998 [J. Geophys Res., 103, 9113  9119].
BIBLIOGRAPHY 89
[73] Zelenyi L, Malova H et al, Particle Acceleration in Mercury's Magnetosphere, 2007 [Space
Sci Rev 132:593-609].
[74] Potter A E et al, The sodium tail of Mercury, 2002 [Meteorit. Planet. Sci. 37, 11651172].
[75] Kallio E et al, On the impact of multiply charged heavy solar wind ions on
the surface of Mercury, the Moon and Ceres, 2008 [Planetary and Space Science,
doi:10.1016/j.pss.2008.07.018].
[76] Kallio E et al, Solar wind and magnetospheric ion impact on Mercury's surface, 2003 [Geo-
phys. Res. Letters., Vol. 30, No. 17, 1877, 10.1029/2003GL017842].
[77] Kallio E, Koskinen H, Barabash S, Lundin R, Norberg O, and Luhmann J G, Proton ow
in the Martian Magnetosheath, 1994 [Journal of Geophysical Research, 99, 23,547 - 23,559].
[78] Ip W H, Kopp A, MHD simulations of the solar wind interaction with Mercury, 2002 [J.
Geophys Res., 107(A11), 1348, doi:10.1029/ 2001JA009171].
[79] Okada M et al, Spacecraft Plasma Environment Analysis Via Large Scale 3D Plasma Particle
Simulation, 2008 [Springer-Verlag Berlin Heidelberg].
